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ORIGINAL ARTICLE
Effect of amino acid substitutions in the human IFN-yR2
on IFN-y responsiveness

RA de Paus?, SS Kilic?, JT van Dissel! and E van de Vosse?
'Department of Infectious Diseases, Leiden University Medical Center, Leiden, The Netherlands and >Department of Pediatric
Immunology, Uludag University School of Medicine, Bursa, Turkey

Patients with interferon-y receptor (IFN-yR) null mutations have severe infections with poorly pathogenic Mycobacteria. The
IFN-yR complex involves two IFN-yR1 and two IFN-yR2 chains, in which several amino acid substitutions, some linked to
disease and some apparently naturally occurring, have been described. We developed a model system to study functional
effects of genetic variations in IFN-yR2. We retrovirally transduced wild-type IFN-yR2 and IFN-yR2 carrying presently known
amino acid substitutions in various human cell lines, and next determined the IFN-yR2 expression pattern as well as IFN-y
responsiveness. We determined that the T58R, Q64R, E147K and K182E variants of IFN-yR2 are fully functional, although the
Q64R variant may be expressed higher on the cell membrane. The R114C, T168N and G227R variants were identified in
patients that had disseminated infections with non-tuberculous Mycobacteria. Of these genetic variants, T168N was confirmed
to be completely non-functional, whereas the novel variant G227R, and the previously reported R114C, were partial functional.
The impaired IFN-y responsiveness of R114C and G227R is mainly due to reduced receptor function, although expression on
the cell membrane is reduced as well. We conclude that the T58R, Q64R, E147K and K182E variants are polymorphisms,

whereas the R114C, T168N and G227R constitute mutations associated with disease.
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Introduction

Deficiency in the interferon-y receptor (IFN-yR) leads
to susceptibility to infections with poorly pathogenic
Muycobacteria.** Individuals with such a deficiency are
among the small number of persons with ‘Mendelian
susceptibility to mycobacterial disease’ (MSMD) that
are prone to develop infection by low pathogenic non-
tuberculous Mycobacteria and Salmonellae. On encounter
with these bacteria, antigen-presenting cells will stimulate
natural killer cells and next type-1 helper T (Th1) cells to
produce IFN-y. IFN-y is a pleiotropic cytokine that
upregulates proteasome complexes, various pro-inflam-
matory cytokines, chemokines and cell surface molecules.
At the same time, IFN-y downregulates the production of
the anti-inflammatory cytokine interleukin-10. By conse-
quence, IFN-y responses result in enhanced cytotoxicity of
natural killer cells, stimulation of antigen presentation,
maturation of B-lymphocytes, expansion of Th1 lympho-
cytes and induction of apoptosis in Th2 cells.>*

IFN-y mediates immune responses via the IFN-y
receptor (IFN-yR), which is comprised of two ligand-
binding IFN-yR1 chains associated with two signal-
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transducing IFN-yR2 chains. Binding of IFN-y to its
receptor induces activation of the receptor-associated
Janus kinases JAK1 and JAK2 by transphosphorylation,”
which in turn phosphorylate STAT1 on its tyrosine 701
residue.® Phosphorylated STAT1 dissociates from the
receptor, dimerises and translocates to the cell nucleus,
where it regulates gene expression either directly
(for example, CD54, CXCL10 and CCL2)*"* or indirectly
via the induction of transcription factors such as IRFs
and CIITA (for example, IL12B, B2M and major histo-
compatibility complex).'>** Although STAT1 is the main
mediator of IFN-y responses, IFN-y has also been
reported to induce STAT3 or STAT5 phosphorylation.™
Besides the JAK2-binding site, the intracellular domain
of IFN-yR2 contains a BAX-inhibiting domain'® and an
internalisation motif'® (Figure 1).

Amino acid variations in the IFN-yR1 or in the R2
chain can influence IFN-y responses. Besides null
mutations, some additional amino acid variations of
uncertain consequence were found in the IFN-yR.
Recently, we determined the effect of naturally occurring
amino acid variations on the function of the IFN-yR1.'”
In the IFN-yR2 chain amino acid variations have
similarly been reported in both patients as well as
healthy individuals (Figure 1). For instance, an R114C
variation was identified in a patient with mycobacterial
disease and strongly impaired IFN-y responses in vitro.'®
The T168N mutation results in a gain of glycosylation
and complete loss of function.” A novel variation,
G227R, was recently found in a MSMD patient (SS Kilic,
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Figure 1 Schematic presentation of IFN-yR2. On the left the
various domains are indicated, on the right the amino acid
variations that were analysed are indicated. TM, transmembrane
domain; SP, signal peptide; C, cysteine; E, glutamic acid; G, glycine;
K, lysine; N, asparagine; Q, glutamine; R, arginine T, threonine.

manuscript in preparation). Variations reported in
healthy individuals are T58R (population allele fre-
quency 0-18%), Q64R (9-57%), E147K (0-2%) and
K182E (0-4%; National Center for Biotechnology
Information, single-nucleotide polymorphism database).
Previous studies suggested an association between the
Q64R polymorphism and immune-related disease: for
instance, the 64Q allele was described as a risk factor for
systemic lupus erythematosis,*® whereas in patients
with multiple sclerosis, the 64R allele correlated with a
progressive onset of disease.? Furthermore, the 64Q
allele was weakly associated with low serum immuno-
globulin E levels.>> The exact effect of the variations on
IFN-yR2 function, with the exception of the T168N
mutation, is unknown.

In this study, we analysed the effect of previously
described amino acid variations in IFN-yR2 on receptor
expression and function. We cloned the complementary
DNA from wild-type IFN-yR2 and its variants into a
retroviral vector, and transduced these into several
human cell lines. In this way, the variants could be
compared functionally within the same genetic back-
ground. The transductants were tested for both receptor
expression as well as function.

Results

Functional transfer of wild- type IFN-yR2 into cell lines

To set up a model system, we cloned a wild-type IFN-
YR2 complementary DNA into the retroviral expression
vector pLZRS-green fluorescent protein (GFP). The use of
pLZRS-GFP allows for tandem expression of IFN-yR2
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and GFP. We expressed the receptor in various human
cell lines: B-LCL, THP-1, Jurkat, T-cell blasts (TCB)
and IFN-yR2-deficient fibroblastic G1A cells. The cell surface
expression of IFN-yR2 was determined by fluorescence-
activated cell sorting (FACS) with five distinct anti-IFN-
YR2 antibodies. We did not detect natural expression
of IFN-yR2 on untransduced or GFP-transduced cells
with any of the antibodies (data not shown). With the
BAF773 antibody, we detected retrovirally achieved
overexpression of wild-type IFN-yR2 in all cell lines
tested (Figure 2a), whereas the other four antibodies
failed to detect the expression of wild-type IFN-yR2 (data
not shown). Cotransduction of IFN-yR1 did not influence
detection of IFN-yR2 expression and vice versa (data
not shown).

Next, we tested the IFN-y responsiveness of the
transduced cells by studying the intracellular signalling.
The kinetics of STAT1 phosphorylation was determined
by FACS. After 0-30min of incubation with various
concentrations of IFN-y, the STAT1 phosphorylation in
the cells was measured using a phospho-specific anti-
body against pY701-STAT1. IFN-y induced STAT1 phos-
phorylation in untransduced THP-1 cells, and to a lesser
extent in B-LCL. This indicates that, although there was
no detectable natural expression of IFN-yYR2 on these
cells, there is a small amount of functional IFN-yR2
present. IFN-y did not induce STAT1 phosphorylation
in untransduced Jurkat, G1A and TCB cells. IFN-yR2-
transduced B-LCL and Jurkat cells showed just a slight
increase in the amount of phosphorylated STAT1 in
response to IFN-y (data not shown). IFN-yR2-transduced
G1A and TCB cells showed an IFN-y-dose-dependent
increase in STAT1 phosphorylation on IFN-y stimulation
(Figures 3a and b). The STAT1 phosphorylation in G1A
(Figure 3a) and in TCB (Figure 3b) with the wild-type
IFN-YR2 was at maximum at 15 min and was strongest at
the highest concentration of IFN-y. No induction of
STAT3 and STAT5 was observed in IFN-yR2-transduced
B-LCL, Jurkat, TCB and G1A (data not shown).

Differential expression patterns of the IFN-yR2 variants
One novel variation (G227R), two known mutations
(R114C, T168N), and two common (T58R, Q64R) and two
rare variations (E147K and K182E) in IFN-yR2 were
cloned and retrovirally expressed in the human cell lines:
B-LCL, THP-1, Jurkat, TCB and G1A. Next, we deter-
mined the expression of the IFN-yR2 variants on the cell
surface by FACS, on cells gated for equal GFP expression,
with five anti-IFN-yR2 antibodies.

With the antibody BAF773 (Figure 2a), we detected cell
surface expression on cells transduced with either wild-
type IFN-YR2 or with the variants. Expression patterns,
however, varied amongst the cell lines. For instance,
the Q64R variant showed, in all experiments and in
all cell lines, the highest detection signal as compared
with all other variants tested. In G1A cells, the expres-
sion of wild-type IFN-yR2 was similar to that of the
variants T58R, R114C, E147K, T168N, K182E or G227R.
By contrast, TCB cells showed a reduced expression of
R114C and G227R, whereas the expression of T58R,
E147K, T168N and K182E was again similar to wild-type
IFN-yR2. TCB, B-LCL, THP-1 and Jurkat cells showed
similar expression patterns of the IFN-yR2 variants,
except that the expression of G227R on B-LCL and
THP-1 varied between experiments from 29 to 123% of
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Figure 2 Extracellular and total expression of the IFN-yR2 variants. (a) Extracellular expression of IFN-yR2 was measured on B-LCL (1 =3),
THP-1 (n=3), Jurkat (n =5), TCB (n =6) and G1A (n = 3) cells that were untransduced, transduced with GFP alone or transduced with one of
the IFNGR2 gene variants by FACS with the antibody BAF773. (b) Extracellular expression of IFN-yR2 was also measured on Jurkat, TCB,
G1A cells that were untransduced, transduced with GFP alone or with one of the IFNGR2 gene variants with the 2HUB159 antibody.
Experiment in triplo. (c) The total, intra- and extracellular, expression of IFN-yR2 in two TCB cell lines was measured after fixation and
permeabilisation of the cells. For all experiments the expression of IFN-yR2 was determined for the transduced cells with equal GFP
expression. The mean fluorescence *s.d. is displayed. For a and ¢, the mean fluorescence is depicted as percentage of the IFN-yR2 wild-type
variant, in which the mean fluorescence of cells labelled with an isotype antibody was set at 0% (*P<0.05, variant and the wild-type

expression were compared using a paired student ¢-test).

the expression level of wild-type IFN-yR2. Of note, the
expression of R114C on one of the six TCB lines tested,
TCB-5, was significantly reduced as compared with the
expression of R114C on the other TCB lines (P=0.001,
student f-test; data not shown).

Remarkably, of the four antibodies (2HUB159,
2HUB145, MMHGR-2 and MHCDI119B25) that failed
to detect expression of wild-type receptor, 2HUB159
was able to detect cell surface expression of R114C and
G227R on Jurkat, TCB and G1A cells (Figure 2b). Similar
to the wild type, other variants could not be detected
by any of these four antibodies (Figure 2b and data
not shown).

Differences in detection of cell surface expression
might be ascribed to an altered affinity of the antibody
caused by an amino acid variation or to an actual
difference in the amount of protein present on the
cell membrane. Differences in the amount of protein
can be caused by differences in protein production, in
protein stability or in misfolding followed by seques-
tration and degradation of the protein in the endo-
plasmic reticulum. To determine whether the IFN-yR2
variants are present in equal amounts within the cell but
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differential expressed on the external cell surface, we
analysed the total (intra- and extracellular) expression by
staining TCB with BAF773 after permeabilisation of the
cell membrane. In this way, comparable amounts of
proteins were detected for R114C, G227R, T58R, E147K,
T168N, K182E and the wild-type variant (Figure 2c). In
contrast, the signal of Q64R was about 75% stronger as
compared with the other variants.

Effect of IFN-yR2 wvariations on IFN-y-mediated signal
transduction

Intracellular signalling via the IFN-yR complex is
mediated by STAT1 molecules that are activated through
tyrosine phosphorylation. We chose TCB and G1A cells
to study the functional effect of IFN-yR2 variants on
STAT1 phosphorylation, because these cells are not
responsive to IFN-y, unless transduced with wild-type
IFN-yR2 (Figures 3a and b). In untransduced and GFP-
transduced cells, no STAT1 phosphorylation could be
detected after exposure of the cells to IFN-y. G1A cells
expressing wild-type IFN-yR2, T58R, Q64R, E147K or
K182E showed similar STAT1 phosphorylation after
IFN-y exposure (Figure 3c). However, in Gl1A cells



a STAT1 phosphorylationinG1A b
with wi-IFNGR2

o 200 - o
o o
c c
8 150 - g
[7] (7]
( 2
o 100 - o
3 3
g 50 g
(] (]
£ 0 - — . : . . £

0 5 10 15 20 25 30

time in minutes
c STAT1 phosphorylation in G1A  d

3 82
® &9
o o o
(7] [
o o
o oo
2 28
c c C
[
FEEEQXEaE R

sgpg-Icey

z rwE-Y¥o

untransduced

400 -

300 -

200

100 -

0

175
150
125
100
75
50
25

Effect of amino acid substitutions in IFN-yR2
RA de Paus et al

=)

STAT1 phosphorylation in TCB
with wi-IFNGR2

= 0 pg/ml

-+ 250 pg/ml
-+ 500 pg/ml
—-1000 pg/ml
-»- 1500 pg/ml
-&- 2000 pg/ml
-+ 5000 pg/ml

10 15 20 25 30
time in minutes

0 5

STAT1 phosphorylation in TCB

30 pg/ml IFN-y

=3 500 pg/ml IFN-y
mm 1000 pg/ml IFN-y

TONEEOYXZWr

QW oo N 0NN

SO OWOLWOr< OO

T ETCEuLrLs

] L

[=

s

<

=1

Figure 3 Kinetics of IFN-y induced STAT1 phosphorylation and the influence of IFN-yR2 variations. The amount of intracellular
phosphorylated STAT1 was determined as a measure of IFN-y-induced signal transduction. The kinetics of STAT1 phosphorylation was first
determined for (a) G1A and (b) TCB-4 cells transduced with wild-type IFN-yR2. Cells were stimulated for 0-30min with various
concentrations of IFN-y. Next, we studied the effect of the variations on IFN-y signalling. (¢) G1A and (d) TCB cells, untransduced,
transduced with GFP alone or transduced with one of the IFN-yR2 variants were stimulated for 15 min with 500 or 1000 pgml~—* IFN-y. The
amount of intracellular phosphorylated STAT1 was measured by FACS, using a phospho-specific antibody, in cells with equal GFP
expression. For (c) the mean fluorescence *s.d. of one representative out of two experiments is displayed. For (d) the mean fluorescence
*s.d. of four different TCB lines (each tested in triplo) was calculated as percentage of the IFN-yR2 wild-type variant (*P <0.05, variant and

the wild-type were compared using the student ¢-test).

transduced with the T168N variant, no IFN-y-induced
STAT1 phosphorylation could be detected. G1A cells
carrying the R114C or the G227R variant showed
diminished, intermediate levels of STAT1 phosphoryla-
tion (Figure 3c). All variants expressed in G1A cells, with
the exception of T168N, displayed similar STAT1
phosphorylation plateau levels, after 60-90min of
stimulation with 500 pgml~* IFN-y (data not shown).

The results obtained with the TCB cells (Figure 3d) did
not differ from those obtained with the G1A cells. The
reduction of STAT1 phosphorylation in TCB lines,
transduced with R114C, varied from —-34 to —98%.
TCB-5 that was found to have the lowest cell surface
expression of R114C (see previous section) also showed
the lowest phosphorylation of STAT1.

Influence of IFN-yR2 variations on IFN-y responses

IEN-y stimulates, via STAT1 phosphorylation, the ex-
pression of a wide range of proteins. We tested the IFN-y-
induced expression of CD54, CD64, human leukocyte
antigen (HLA) class I and II in IFN-yR2-transduced TCB
and GIA cells by FACS. In addition, we tested the
supernatants of these cells for the presence of CXCL10 by
enzyme-linked immunosorbant assay. Stimulation with
IFN-y of TCB carrying wild-type IFN-yR2 did not or,
only slightly enhance, the expression of these proteins
(data not shown). By contrast, G1A cells carrying the
wild-type receptor showed significant upregulation of

CD54, HLA class I and CXCL10 after stimulation with
25000 pgml-* of IFN-y (data not shown). Subsequently,
we tested the IFN-yR2 variants in G1A cells for IFN-y-
induced CD54 and HLA class I upregulation and
CXCL10 production. Untransduced and GFP-transduced
G1A cells did not respond to IFN-y (Figures 4a—c). In
G1A cells carrying the wild-type receptor or the T58R,
Q64R, E147K or K182E variants, IFN-y induced in a dose-
dependent manner the CD54 expression on the cell
surface (Figure 4a). Cells transduced with R114C or
G227R showed impaired responses; for instance, in
comparison with cells transduced with the wild-type
receptor 8 (G227R) to 100 times (R114C) as much IFN-y
needed to be added to the incubations to achieve the
same level of CD54 expression.

Similar results were obtained when the G1A cells
were analysed for HLA class I expression (Figure 4b) or
the production of CXCL10 (Figure 4c). Although the
induction of CD54 and HLA class I expression could
be detected after incubation of the cells with as little as
25pgml—" IFN-y, CXCL10 expression was induced only
at concentrations of 2500 pgml ' IFN-y or higher. G1A
cells with T168N showed in four independent experi-
ments almost a total lack of response, as a slight yet
significant upregulation of cell surface expression of
CD54 and HLA class I was noted at the highest dose of
IFN-vy only (Figures 4a and b). An overview of the results
of all assays is presented in Table 1.
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Figure 4 The effect of the IFN-yR2 variations on IFN-y responses. Untransduced G1A cells and G1A cells retrovirally transduced with GFP
alone or with one of the IFN-yR2 variants were stimulated for 18 h (a, b) or 48 h (c) with various concentrations of IFN-y. The CD54 expression
(a) and the HLA class I expression (b) were determined by FACS. The CXCL10 (c) production was determined by ELISA. One representative

out of four (a) and one out of two (b, ¢) experiments are shown.

Table 1 Summary of the expression and functional analyses of the IFN-yR2 variants

Variant Cell surface expression>< Total STAT1 Induction of CD54, Conclusion
expression™® phosphorylation®< HLA and CXCL10¢
Wild type Normal Normal Normal Normal
T58R Slightly enhanced in Normal Normal Normal Polymorphism
TCB, normal in G1A
Q64R Enhanced Enhanced Normal Normal Polymorphism
R114C Reduced in TCB, Normal Decreased Decreased Mutation, partial defect
normal in G1A
E147K Normal Normal Normal Normal Polymorphism
T168N Normal Normal Not detected Nearly absent Null mutation, complete defect
K182E Normal in TCB, Normal Normal Normal Polymorphism
slightly reduced in G1A
G227R Reduced in TCB, Normal Decreased Decreased Mutation, partial defect

normal in G1A

Abbreviations: HLA, human leukocyte antigen; IFN-yR2, interferon-y receptor; TCB, T-cell blasts.

“Expression analysed with BAF773 antibody.
P Analyses with TCB.
€Analysis with G1A.

No dominant-negative effects of IFN-yR2 mutations

As the IFN-yR consists of two IFN-yR1 and two
R2 chains, incorporation of one defective chain in the
IFN-YR could potentially have a dominant-negative
effect on the receptor complex function. We determined
whether T168N, R114C or G227R variants, which were
partly or completely defective, could exert such an effect.
To this end, we transduced the IFN-y responsive cell line
THP-1 with the T168N, R114C and G227R variants, and
as controls with wild-type IFN-yR2, wild-type IFN-yR1, a
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dominant-negative IFN-yR1 mutant (IFN-yR1-delTTAA),
or with an empty GFP vector. All THP-1 cells displayed
induction of CD54 expression after stimulation with
2500 pgml~—' IFN-y. Overexpression of wild-type IFN-
vR1 or IFN-YR2 resulted in an upregulation of CD54 of,
respectively, 48 and 59%, whereas overexpression of the
G227R variant resulted only in 30% CD54 upregulation
(Figure 5). The GFP-, R114C- and T168N-transduced
THP-1 cells were similarly responsive to IFN-y, whereas
the IFN-yR1-delTTAA-transduced THP-1 cells showed a
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Figure 5 Influence of IFN-yR2 mutants on the function of the
natural IFN-y receptor complex. Normal and deficient IFN-yR1 and
IFN-YR2 proteins were overexpressed in THP-1 cells to study their
influence on the functioning of the native receptor IFN-yR complex.
Untransduced THP-1 cells and THP-1 cells transduced with GFP,
wild-type IFN-yR2, R114C, T168N, G227R, wild-type IFN-yR1
and the dominant-negative delTTAA variant of IFN-yR1 were
stimulated for 20h with 2500 pgml~' IFN-y. Hereafter, the cells
were analysed for CD54 expression by FACS. One representative of
two experiments in triplo is shown. * Indicates significantly higher
and ** indicates significantly lower induction of CD54 expression
as compared with the stimulation of THP-1 cells (P <0.05, student
t-test).

60% decreased response (Figure 5). Thus, no dominant-
negative effects of the IFN-yR2 variants were seen.

Discussion

In an in vitro test model to analyse the functional effect
of amino acid substitutions in IFN-yR2, we successfully
characterised IFN-yR2 variants, and could designate
them as either innocuous polymorphisms or deleterious
mutations, affecting the function of the type-1 cytokine
pathway to macrophage activation. We could confirm the
complete loss of function of IFN-yR2 due to the T168N
variation. The R114C and the G227R wvariations, de-
scribed previously in MSMD patients, were shown to
constitute partially functional receptor chains. These
findings have implications for the treatment of patients
homozygous for R114C or G227R mutations, as in case of
mycobacterial infection, they might still benefit from
IFN-y administration in addition to antibiotic treat-
ment.'®* Moreover, we showed that the T58R, Q64R,
E147K and K182E variants do not differ in function from
the wild-type receptor and can, therefore, be considered
functional polymorphisms.

Our conclusions, summarised in Table 1, are based on
the findings obtained with an in vitro model, wherein
cells are retrovirally transduced with the respective IFN-
YR2 variants. Using this model system, we were able
to distinguish normal from defective variants. In this
respect, several aspects need consideration. First, IFN-
YR2 is overexpressed after transduction by the retroviral
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vector and overexpression might mask subtle differences
in receptor function. Still, we could define the effect of
mutations that resulted in an intermediate phenotype of
receptor expression and reduced receptor function, as
opposed to a complete, null phenotype. Naturally and
overexpressed IFN-yR2 may differ also in post-transcrip-
tional or post-translational modification, although there
are no indications that such modifications in fact occur.
Second, all of the commercially available antibodies
failed to detect native IFIN-yR2 expression on THP-1 and
primary monocytes. Previous research already indicated
the inability of five antibodies (three of which we used as
well) to detect cell surface expression of native IFN-
yYR2.2* Apparently, the expression of native IFN-yR2 is
too low to detect. In our model system, however, we
successfully detected IFN-yR2, when it was overex-
pressed, with the BAF773 antibody but not with the
other antibodies. The use of other antibodies, recognising
additional, distinct epitopes, would have helped to
determine whether a difference in detection is caused
by a difference in affinity towards the variants or caused
by an actual difference in the amount of protein present.
However, in the system with overexpression, we
observed for most variants a comparable total (that is,
intracellular and cell surface) receptor expression, sug-
gesting the affinity is not different. Third, the IFN-y
responses in the host are not confined to the cellular
responses we assayed in this report. Although this has
not been reported, it cannot be excluded that other read-
out systems may be more sensitive to subtle differences
in IFN-yR2 at lower IFN-y concentrations. Our model
allowed us, nevertheless, to detect highly significant
induction of CD54, HLA class I and CXCL10 when using
physiologically relevant concentrations of IFN-y.>*

The variations R114C and G227R were homozygously
present in MSMD patients, and could be the cause of
IFN-yR deficiency, as was previously shown for the
T168N variation. The T168N variation was described as a
mutation resulting in a complete loss of function because
of the gain of glycosylation at the asparagine residue.*
We could confirm the severe effect of the T168N variant
on IFN-yR2 function. When T168N was overexpressed,
some upregulation of CD54 and HLA class I occurred at
the highest concentration of IFN-y used, and this
response is considered to be marginal only. For instance,
the latter finding might indicate that a very small portion
of the T168N variant is not fully glycosylated, as
deglycosylation of the receptor can restore receptor
function.® If the expression level of T168N is brought
down to a physiological level, this effect may be absent.
In all, we confirm the observation that the T168N
variation results in a complete null mutation. The
G227R variation, which was recently observed in a
MSMD patient (SS Kilic, manuscript in preparation),
seems to be a severe but not completely null mutation.
We found that the cell surface expression of G227R on
TCB was reduced, although the total expression in the
cell was normal. The cell surface expression of G227R on
G1A cells was normal. Both TCB and G1A transduced
with G227R showed, however, a strongly reduced
responsiveness to IFN-y. Thus, we conclude that G227R
is a mutation leading to a partial receptor defect because
of the reduced functioning of the receptor, and that
G227R also results in a moderate loss of cell surface
expression, which may depend on cell type or state of
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activation. The same conclusion is drawn for the R114C
variation, which was first described in a patient who
responded poorly to IFN-y.'® The IFN-y responsiveness
of the patient's cells could be restored in vitro by
transfection with a vector carrying complementary
DNA from IFNGR?2, indicating a defect in IFN-yR2.'®
Our results further demonstrate that R114C is the cause
of this defect. In our experiments, R114C and G227R
showed comparable reductions on IFN-yR2 expression
and function.

Some differences in expression patterns of IFN-yR2
could be distinguished. The expression of both R114C
and G227R was reduced in TCB, but not in G1A. We also
found that the expression of G227R in B-LCL and THP-1
varied between experiments. In addition, we found that
one of the six TCB lines, TCB-5, transduced with the
R114C variant showed a highly significant reduced
expression as compared with the other TCB lines
carrying R114C. Taken together, these findings suggest
that the effect of the partial mutations depends on cell
type, culture state and on individual host specific factors.

The 2HUB159 antibody we used failed to detect
retroviral expression of wild-type IFN-yR2. The
2HUB159 was raised against an unspecified fragment
of the extracellular domain of the receptor and possibly
recognises the receptor in a denatured, for example in
blotting experiments, rather than natural conformation.
Remarkably, we could detect cell surface expression of
R114C and G227R with the 2HUB159 antibody. There-
fore, R114C and G227R variants are likely to result in an
altered conformation of the receptor, as compared with
wild-type IFN-yR2, and this may contribute to the
reduced receptor function. Although R114 and G227 are
in two different sites of the extracellular domain, within
the three-dimensional structure, these could be located
close together. The crystal structure of IFN-yR2 has not
been elucidated yet, the putative secondary structure
elements identified by Krause et al.” suggest, however,
that R114 and G227 may well be in close proximity after
folding of the receptor.

We showed that the R114C, T168N and G227R
mutations do not have a dominant-negative effect on
the function of the IFN-y receptor complex. This is in line
with the observation that heterozygous family members
carrying one mutated allele are not more prone to
develop mycobacterial infections'®** and in vitro the
cells, from individuals heterozygous for the G227R
mutation, do not show impaired responses in immuno-
logical analyses (SS Kilic, manuscript in preparation).

The variants T58R, Q64R, E147K and K182E constitute
fully functional polymorphisms of the IFN-yR2.
Although we could detect minor differences in cell
surface expression, all IFN-yR2 variants showed a similar
IFN-y response. The cell surface as well as total cellular
expression of Q64R, as determined with the BAF773
antibody, was higher in all cell lines tested as compared
with the other variants. As the expression was deter-
mined in cells gated for equal GFP expression, and the
IFNGR2 and GFP genes are transcribed in tandem, thus,
ensuring that equal amounts of transcripts are present,
we expect that an equal amount of protein is translated
of the wild-type IFN-yR2 and Q64R. An explanation may
be that the Q64R variant is more stable, resulting in
higher expression. Another explanation may be that the
BAF773 antibody binds with higher affinity to the Q64R
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variant. Finally, higher expression of the Q64R variant is
consistent with suggestions in the literature that this
variant might be more responsive to IFN-y. First, in
agreement with the notion of a somewhat altered
function, the 64R allele was overrepresented in patients
with multiple sclerosis having a more progressive onset
of the disease, in which Thl immune response has a
role.?" Second, the 64Q allele was positively associated
with the occurrence of systemic lupus erythematosis,
which is considered to be a Th2 disease.?° And third, in
a British population the 64Q allele showed a weak
association with low immunoglobulin E levels.>> Taken
together, altered cell surface expression of IFN-yR2 due
to the Q64R polymorphism, may influence the strength
of IFN-y responses, and by consequence the polarisa-
tion of T cells towards Thl or Th2.© More population
association studies will be necessary to confirm an
association of the common Q64R polymorphism with
Th1l and Th2 mediated disease. Research on the expres-
sion pattern of IFN-yR2 variants at the cellular level
urgently needs the characterisation of a wider array of
IFN-YR2 detecting antibodies.

We conclude that T58R, Q64R, E147K and K182E are
fully functional polymorphisms of IFN-yR2. The R114C,
T168N and G227R variations are deleterious mutations
with T168N leading to a complete IFN-yR2 deficiency,
whereas R114C and G227R lead to a partial IFN-yR2
deficiency. The severely reduced IFN-y responsiveness of
R114C and G227R is mainly due to reduced receptor
function.

Materials and methods

Cloning IFNGR?2 variants into a retroviral expression vector
The full-length IFNGR2 coding sequence was PCR
amplified from complementary DNA of a healthy control
with the sense primer 5-AATTGGATCCCGGGGCCATG
CGACCGAC-3' and the anti-sense primer 5-CCGGCTC
GAGTTCAAAGCGTTTGGAGAACAT-3, and cloned
into the retroviral vector pLZRS-IRES-GFP>* as previously
described.?” Variations were introduced by site-directed
mutagenesis.?® All constructs were sequence verified and
were transfected in the Phoenix-A?’ packaging cell line
using a calcium phosphate transfection kit (Invitrogen,
Breda, The Netherlands). The virus producing cells
were cultured for 2-3 weeks under 2 ugml—' puromycin
(Clontech, Saint-Germain-en-Laye, France) selection after
which a 20h supernatant was harvested. IFNGR1 con-
structs were previously made and described.'”

Cell culture and retroviral transduction

Human Jurkat (T lymphoblastic cell line, ATCC TIB-152,
ATCC, Manassas, VA, USA), THP-1 (myeloid cell line,
ATCC TIB-202) and G1A cells® (fibroblasts, kind gift from
George Stark) were cultured in RPMI1640 medium. B-LCL
and TCB were cultured in IMDM (Lonza, Vervier, Belgium)
as described before.” Culture media were supplemented
with 10% fetal calf serum, 20mM GlutaMax, 100U ml !
penicillin and 100 pugml~! streptomycin (Invitrogen). For
propagation, the adherent G1A cells were trypsinised in the
presence of ethylenediaminetetraacetic acid. Before testing,
GIA cells were collected using only ethylenediaminete-
traacetic acid (Invitrogen). In all, 0.25 x 10° THP-1 or TCB
were retrovirally transduced on a CH-296 (RetroNectin,



Takara, Saint-Germain-en-Laye, France) coated 48-wells
plate by adding 1ml of virus containing supernatant. In
all, 0.5 x 10° B-LCL, Jurkat and G1A cells were trans-
duced by adding 1ml virus containing supernatant
supplemented with 10pul DOTAP (Roche, Almere, The
Netherlands) to the cells. After overnight incubation,
the cells were washed and cultured for at least 4 days
before analysing in further assays.

FACS analysis of IFN-yR2 expression

To detect IFN-yR2 membrane expression, cells were
stained with an allophycocyanin-conjugated polyclonal
antibody BAF773 (R&D Systems, Abingdon, UK), with
phycoerythrin (PE)-conjugated monoclonal 2HUB159,
2HUB145 (SantaCruz, Heidelberg, Germany), with
monoclonal MMHGR-2 (PBL, New Brunswick, NJ,
USA) and counterstained with goat-anti-mouse immu-
noglobulin G-PE (BD biosciences, Breda, The Nether-
lands), or stained with biotin conjugated monoclonal
MHCD119B25 (Dako, Heverlee, Belgium) and counter-
stained with streptavidin-PE (BD biosciences). As a
negative control, the cells were stained with an im-
munoglobulin G1 antibody. After staining, the cells were
washed twice in phosphate-buffered saline with 0.2%
bovine serum albumin (Sigma, Zwijndrecht, The
Netherlands). All subsequent FACS measurements
and analyses, using a FACSCalibur and CellQuest (BD
Biosciences), were performed on cells gated for equal
GFP expression. To detect total (intra- and extracellular)
IFN-yYR2 expression, cells were treated with 4%
paraformaldehyde and 0.1% saponin (Sigma) before
staining with APC conjugated BAF773.

STAT phosphorylation assay

To study signal transduction, 2 x 10° G1A cells or TCB in
200 pl of culture medium were pulsed for 0-30 min with
various concentrations of IFN-y (Invitrogen). The cells
were fixated with 4% paraformaldehyde and permeabi-
lised with 90% methanol (Merck, Amsterdam, The
Netherlands). Subsequently, the cells were washed with
phosphate-buffered saline containing 0.2% bovine serum
albumin (Sigma), blocked with 10% normal goat serum
(Sanquin, Amsterdam, The Netherlands), and stained
with the phospho-specific antibody pY701-STAT1-Alexa
647, pY705-STAT3-PE or pY694-STAT5-PE (BD Bio-
sciences). Before analysis by FACS the cells were washed
twice.

IFN-y response assays
To study the upregulation of cell surface markers,
0.25 x 10° G1A cells were stimulated for 20h in 1ml of
culture medium with various concentrations of IFN-y.
Afterwards the cells were washed in medium and
stained with PE-conjugated antibodies against CD54,
CD64 and HLA-DR, or stained with the W6.32 antibody
against HLA class I, and counterstained with GAM-PE
(BD biosciences). The cells were washed twice before
FACS measurements and analyses were performed on
G1A cells gated for relatively low GFP expression.
Before cytokine production assays, G1A cells were
sorted by FACS for low GFP expression using a
FACSAria (BD biosciences). In all, 0.1 x 10° G1A cells
were cultured in 0.2ml of culture medium and pulsed
with various concentrations of IFN-y (Invitrogen). After
48h, cell free supernatants were collected and tested for
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the presence of CXCL10 with a specific enzyme-linked
immunosorbent assay (Invitrogen).
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