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Elucidating the molecular pathways active in pathologic tissues
has important implications for defining disease subsets, selecting
therapy, and monitoring disease activity. The development of
therapeutics directed at IFN-α or IFN-γ makes the discovery of
probes that report precisely on the activity of different IFN path-
ways a high priority. We show that, although type I and II IFNs
induce the expression of a largely overlapping group of molecules,
precise probes of IFN-γ activity can be defined. Used in combina-
tion, these probes show prominent IFN-γ effects in Sjögren syn-
drome (SS) tissues. In contrast, dermatomyositis muscle shows
a dominant type I IFN pattern. Interestingly, heterogeneity of IFN
signatures exists in patients with SS, with some patients demon-
strating a predominant type I pattern. The biochemical patterns
largely distinguish the target tissues in patients with SS from those
with dermatomyositis and provide a relative weighting of the
effects of distinct IFN pathways in specific biopsies. In SS, type I
and II IFN effects are localized to the same epithelial cells, sur-
rounded by inflammatory cells expressing IFN-γ–induced proteins,
suggesting reinforcing interactions. Precise probes of the different
IFN pathways active in tissues of complex rheumatic diseases will be
critical to classify disease, elucidate pathogenesis, and select therapy.

autoimmunity | molecular pathology

Defining molecular pathways with precision in pathological
tissues has important implications in terms of diagnosis, dis-

ease subsetting, monitoring, and therapy. This concept is well il-
lustrated in cancer, where recent studies have demonstrated that
very similar clinical and pathological phenotypes encompass mul-
tiple molecular subtypes, contributing to different responses to
therapy (1–4). It is widely acknowledged that significant hetero-
geneity exists among patients with autoimmune rheumatic diseases,
in terms of phenotype, clinical course, and response to therapy.
With the increasing availability of therapies that target specific
immune pathways, it has become a priority to define whether the
activation of distinct molecular pathways identifies specific subsets
of patients within broader phenotypes. The IFN pathways, which
have been implicated in the pathogenesis of autoimmune rheu-
matic diseases, are particularly relevant in this regard.
Sjögren syndrome (SS) is a chronic autoimmune inflammatory

disease that targets exocrine glands, particularly salivary and lac-
rimal glands. Significant evidence implicates IFNs in the patho-
genesis of SS including the following: (i) increased levels of
circulating IFNs in the plasma of SS patients (5); (ii) expression of
IFN-regulated genes in minor salivary gland biopsies from SS
patients (6, 7); (iii) the presence of a prominent IFN signature in
circulating monocytes and peripheral blood mononuclear cells
(PBMCs) from SS patients (8, 9); and (iv) the enrichment of
plasmacytoid dendritic cells in SS salivary glands (7, 10). Similar
IFN signatures have been observed in other rheumatic diseases,
including dermatomyositis (DM) (11), polymyositis (12), sclero-
derma (13), and systemic lupus erythematosus (SLE) (14–16).
Interestingly, although several recent papers have suggested that

these inflammatory diseases might benefit from inhibition of the
type I IFN pathway, studies have shown that inhibition of IFN-α
signaling in psoriasis patients (whose skin expresses a prominent
IFN signature (17)) had no clinical effect (18). Such data suggest
that interpretation of the IFN signature is likely more nuanced
than initially conceived, and that additional understanding of the
components and mechanisms of the IFN signature is essential. In
particular, although the IFN signatures observed in blood and
tissues of patients with immune-mediated rheumatic diseases have
been attributed to the activity of type I IFNs, contributions of IFN-
γ have not been systematically pursued.
In these studies, we initially defined the genes induced by type I

and type II IFNs in a human submandibular gland (HSG) epi-
thelial cell line. Unexpectedly, we found that the majority of genes
that are highly up-regulated by IFN-α are also highly induced by
IFN-γ. In contrast, there was a substantial group of genes that are
highly induced by IFN-γ only. To determine whether type I or type
II IFN activity was present in minor salivary gland biopsies from
patients with SS, we selected and validated precise probes that
report on the distinct IFN pathways. Protein expression in minor
salivary gland biopsies from SS patients and controls was evaluated
by immunoblotting and immunohistochemistry. IFN-regulated
proteins were expressed at high levels in SS patients in a pattern
consistent with the activity of both type I and type II IFN. How-
ever, there was heterogeneity between patients, with evidence of
type I IFN-preferential or IFN-γ–preferential patterns. The
dominant pattern in SS was quite distinct from that seen in DM,
where a more prominent type I IFN pattern was evident. In SS, the
cellular distribution of probes of different IFN pathways was also
noteworthy: IFN-γ–specific probes were localized to salivary epi-
thelial cells and inflammatory cells in adjacent regions, whereas
IFN-α–preferential markers were expressed mostly in salivary
epithelial cells in regions that also demonstrate IFN-γ activity.
Together, these data demonstrate that most components of the

classically defined type I IFN signature are also well induced by
type II IFN, making the signature a broad marker of IFN activity,
and not exclusively of type I IFN. Quantification of the specific
markers of type II IFN activity is essential to define the origin of
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the IFN-induced protein expression pattern seen in cells and tis-
sues. In target tissues, these probes allow different IFN patterns to
be discerned, enabling more precise molecular classification of
patient subpopulations. With the availability of new therapeutics
targeting type I and type II IFNs, such probes may prove useful for
selecting andmonitoring therapy, and for defining efficacy of novel
agents in the autoimmune rheumatic diseases.

Results
Genes Most Strongly Induced by IFN-α Are also Induced by IFN-γ. To
define the origin of the IFN signature in minor salivary gland bi-
opsies from patients with SS, microarray studies were initially
performed in an HSG cell line to define IFN-α and IFN-γ
responses in a disease-relevant cell type. We selected concen-
trations of IFN-α and IFN-γ that induced equivalent levels of Ro52
expression (IFN-α, 1,000 U/mL; IFN-γ, 50 ng/mL) (Fig. S1). We
set Ro52 as our reference molecule, because it is a frequent
autoantigen in SS and is known to be induced by both IFN-α and
IFN-γ. Because protein expression in target tissues provides an
integrated view of events that have occurred over time before bi-
opsy, we analyzed IFN-induced gene expression at 4, 12, 24, and
48 h. We identified 416 mRNA transcripts that were significantly
induced [fold change, ≥2.0; value of P ≤ 0.01; false discovery rate
(FDR), ≤0.25] by IFN-α or IFN-γ at one or more time points (lists
of transcripts are provided in Tables S1, S2, S3, and S4). We first
compared the induction of all 416 transcripts by IFN-α and IFN-γ
at each time point andmade several important observations (Fig. 1
A–D). (i) The largest number of IFN-α–induced transcripts (n =
165) was seen at 12 h (Fig. 1B). In contrast, the IFN-γ response
lagged significantly, with the maximal number of IFN-γ–induced
transcripts (n= 285) detected at 48 h (Fig. 1D). (ii) There were few
transcripts exclusively induced by IFN-α at any time point (Fig. 1

A–D, red triangles); except for a single transcript at 4 h (Fig. 1A),
all IFN-α–specific transcripts were induced eightfold (i.e., a log2 fold
change of 3) or less. Notably, however, >50% of IFN-γ–responsive
transcripts were induced exclusively by IFN-γ (Fig. 1 C and D, blue
squares). Of these, 10 were induced eightfold or greater at 24 h and
23 were induced eightfold or greater at 48 h. (iii) The majority of
transcripts induced highly by IFN-α were also induced by IFN-γ
(Fig. 1 A–D, green circles). Additionally, the levels of induction by
IFN-α were significantly higher in the IFN-α/γ–responsive group
than the IFN-α–specific group (at 24 h, P = 0.01; Wilcoxon rank
sum test) (Fig. 1C). Similarly, the levels of induction by IFN-γ were
higher in the IFN-α/γ–responsive group than the IFN-γ–specific
group (at 24 h, P = 5.4 × 10−12; Wilcoxon rank sum test).
To identify groups of probes that distinguish between the ac-

tivity of IFN-α and IFN-γ across all time points, gene expression
data were subjected to unsupervised clustering using self-orga-
nizing maps (SOMs). The 416 IFN-induced transcripts were
clustered into 16 groups, and the mean level of induction in re-
sponse to IFN-α and IFN-γ at each time point was calculated for
each group. We compared mean induction across all groups, and
several major findings were evident. First, there are few transcripts
that are specific reporters of an IFN-α response.Of the four groups
of transcripts (n= 65) (Fig. 2A–D) that exhibited the highest mean
induction in response to IFN-α, three groups (n = 45) (Fig. 2 A–C)
were induced on average fourfold or greater by IFN-γ at two or
more time points. Interestingly, many of the genes associated with
the IFN signature defined in DM and SLE were among these
transcripts (Table S5), highlighting that these signatures are not
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Fig. 1. Temporal analysis of IFN-α and IFN-γ responses in HSGs. Expression of
the 416 IFN-inducible transcripts at (A) 4, (B) 12, (C) 24, and (D) 48 h. Data are
presented as log2 fold change in expression relative to untreated cells. The
transcripts in each group are represented as follows: IFN-γ specific (blue
squares), IFN-α/γ responsive (green circles), IFN-α specific (red triangles), and
uninduced (open triangles). The percentage of transcripts in each group is
listed. The dashed lines indicate a twofold increase in expression.
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Fig. 2. Analysis of IFN-inducible gene expression using SOMs. The 416 IFN-
inducible transcripts were clustered into 16 groups. The mean induction
values were calculated for each group of transcripts at each time point (4,
12, 24, or 48 h) and the groups with the highest mean expression in response
to IFN-α (A–D) and IFN-γ (A, E, and F) are shown (the remaining maps are
presented in Figs. S2 and S3). Individual transcripts are shown in black. Mean
values for the group at each time point are shown in red. The y-axis repre-
sents log2 fold change in expression relative to untreated cells. The dashed
lines indicate a fourfold increase in expression.

17610 | www.pnas.org/cgi/doi/10.1073/pnas.1209724109 Hall et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/pnas.201209724SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/st01.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/st02.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/st03.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/st04.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/st05.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/pnas.201209724SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/pnas.201209724SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1209724109


necessarily IFN-α specific. In contrast, two of the three groups of
transcripts (n= 34) with the highest mean induction by IFN-γ (Fig.
2 A, E, and F) were either exquisitely specific (Fig. 2E; n = 12) or
highly preferential (Fig. 2F; n = 11) for IFN-γ activity. An addi-
tional four groups (n = 87) of transcripts exhibited either low
differential expression, which occurred at only one time point, or
were IFN-γ specific only at 48 h (Fig. S2). The remaining six
groups, which included the majority of IFN-responsive transcripts
(n = 241; 57.9%), were induced, on average, less than fourfold by
IFN-α and IFN-γ across all time points (Fig. S3). Thus, these
probes have limited utility as markers of an IFN response. These
data demonstrate that detecting genes highly induced by IFN-α
cannot distinguish clearly between the activity of IFN-α and IFN-γ,
particularly if the timing of the stimulus is unknown. In contrast,
quantifying markers uniquely and highly induced by IFN-γ pro-
vides a potentially useful set of probes to distinguish the origin of
an IFN signature observed in vivo.

Biochemical Validation of Probes of IFN Activity. We next sought to
confirm these patterns at the level of protein expression. We treated
HSGs with IFN-α or IFN-γ for 4, 12, 24, or 48 h and immunoblotted
equivalent amounts of protein lysates. We tested antibodies recog-
nizing several IFN-α and IFN-γ–preferential genes to select the
highest quality probes for use in differentiating between IFN-α and
IFN-γ activity in human tissues (Fig. 3). Several observations were
relevant: (i) IFN-inducible proteins were not detectable in untreated
cells; (ii) as defined in the optimization phase, Ro52 was induced to
equivalent levels by IFN-α and IFN-γ at 24 and 48 h; (iii) the IFN-α
response was rapid, with maximal expression of MDA5, IFIT3, and
Ro52 detected at 12 h; this remained elevated through 48 h; (iv) the
IFN-γ response occurred more slowly, with protein expression
peaking at 48 h; (v) MDA5 and IFIT3 were IFN-α specific at 12 h
but were IFN-γ responsive (albeit at markedly lower levels than the
IFN-α response) at 24 and 48 h; (vi) GBP1 and GBP2 were robustly
and specifically induced by IFN-γ only; (vii) a low dose of IFN-γ
enhanced the expression ofMDA5and IFIT3 in IFN-α–treated cells,
whereas IFN-α did not enhance the induction of GBP1 and GBP2
(Fig. S4). Quantifying the expression of IFN-γ–specific proteins (e.g.,
GBP1, GBP2) in human tissues is therefore necessary to accurately
differentiate between IFN-α and IFN-γ activity in vivo.

Type I and Type II IFN Activity Is Prominent in Minor Salivary Gland
Biopsies from SS Patients. To define the IFN pathways represented
in SS, we analyzed protein expression in lysates of minor salivary

gland biopsies from SS patients (n= 8) and controls (n= 6). These
samples were immunoblotted with antibodies against IFIT3,
MDA5, GBP1, GBP2, and vinculin (loading control). Although
IFN-induced protein expression was generally low or absent
in control salivary glands, some heterogeneity was noted, par-
ticularly for MDA5 and IFIT3, which likely reflects variability in
baseline expression levels. In SS, striking increases in the ex-
pression of MDA5, IFIT3, GBP1, and GBP2 were evident in
most patients, indicating both type I and type II IFN effects in
most biopsies (Fig. 4A). Although six of eight patients had ele-
vated expression of both IFN-α– and IFN-γ–induced proteins,
there was some variation in patterns between individual patients,
with one patient exhibiting a predominantly IFN-α pattern (Fig.
4A, lane 6) and one demonstrating a predominantly IFN-γ pat-
tern (Fig. 4A, lane 7).
To define whether markers of both type I and type II IFNs were

similarly present in tissues from another autoimmune rheumatic
disease in which an IFN signature is prominent, we analyzed
muscle tissue from patients with DM. Expression of the panel of
IFN-induced molecules was examined in control (n = 3) and DM
(n = 4) muscle biopsy lysates by immunoblotting (Fig. 4B). IFN-
inducible proteins were not detected in control muscle. In contrast
to SS tissues, there was marked expression of IFIT3 in DMmuscle
with comparably lower expression of GBP1 and GBP2, suggestive
of a type I IFN response in these samples. To compare the patterns
in SS and DM, the data were quantified by densitometry and the
expression levels of IFIT3, MDA5, GBP1, and GBP2 were nor-
malized to the expression level of a loading control, vinculin, in
each sample. The normalized data were subjected to unsupervised
hierarchical clustering to define subgroups (Fig. 4C). Interestingly,
the IFN-α–preferential markers and the IFN-γ–specific markers
clustered separately. With a single exception (SS6), SS patients
were clearly separated from controls and from DM patients. SS6
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Fig. 3. Validating probes of IFN-α and IFN-γ activity. Equivalent amounts of
protein lysates from HSGs cultured for 4, 12, 24, or 48 h in the absence or pres-
ence of IFN-α (1,000 U/mL) or IFN-γ (50 ng/mL) were analyzed by Western blot-
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had a predominant type I IFN pattern, and was more similar to
DM than either SS or controls.

Evidence of both Type I and II IFN Activity in Salivary Gland Epithelial
Cells. We next defined the cells in SS salivary glands that express
markers of type I and type II IFN effects by immunohistochem-
istry. Serial sections of four SS and three control salivary glands
were stained, and representative data from two SS patients are
shown in Fig. 5. Minimal IFIT3 and GBP2 staining was seen in
control salivary glands (Fig. 5 A and D). Expression of IFIT3 and
GBP2 was increased in SS salivary gland biopsies, consistent with
the biochemical studies. The predominant staining pattern showed
IFIT3 expression mainly in salivary duct epithelial cells, particu-
larly in regions surrounded by inflammatory cells (Fig. 5 B and C).
Minimal IFIT3 staining was observed in infiltrating inflammatory
cells. In contrast, GBP2 was prominently expressed in the nuclei of
infiltrating inflammatory cells. GBP2 staining was also evident in
salivary ducts, where the nuclei of both infiltrating inflammatory
cells (strong staining) as well as duct epithelium were stained
(moderate staining). Interestingly, GBP2 and IFIT3 stained the
same regions of the ducts that were surrounded by GBP2-positive
inflammatory cells (Fig. 5 E and F). Isotype control antibody
staining was negative for all samples (Fig. S5).

Discussion
The autoimmune rheumatic diseases are a complex group of dis-
orders that display considerable heterogeneity in phenotype, im-
mune response, disease course, and response to therapy. Defining
whether distinct molecular subgroups exist may facilitate novel
disease classification and allow more precise selection of therapy.
The IFN pathways are particularly relevant in this regard.
The finding of an IFN signature in the blood and tissue of many

autoimmune inflammatory diseases (11–16) has important po-
tential for disease monitoring and therapy. Although there is sig-
nificant evidence implicating type I IFNs in the generation of the
IFN signature in SLE, it remains unclear whether type I IFNs are
the primary driver of the IFN signature in other rheumatic pro-
cesses. Indeed, previous microarray studies have shown that, al-
though IFN-induced proteins are differentially expressed in SS
salivary glands relative to controls (6), the activities of IFN-α and
IFN-γ could not be distinguished (7). The enrichment of activated
lymphocytes (robust sources of IFN-γ secretion) in inflamed tis-
sues in the rheumatic diseases (19, 20) reinforces the possible
contributions of IFN-γ to the IFN signature observed in tissues.

The failure of a recent trial of an anti–IFN-αmonoclonal antibody
in psoriasis (which expresses a strong IFN signature) (18), coupled
with the finding that expression of IFN signatures is prominent in
many different inflammatory diseases, underscores the need to
improve our understanding of the origins and meaning of the IFN
signature in different inflammatory diseases in vivo.
Previous studies analyzing IFN-induced gene expression in

various cell types in vitro have been limited in their ability to in-
terpret signatures observed in tissues, because they frequently only
address a single time point and use arbitrary doses of IFN. Dis-
eased tissues encompass events that have occurred asynchronously
before tissue sampling. We therefore performed extensive gene
expression analysis to determine the kinetics of the responses and
identify probes that differentiate between type I and type II IFN
effects at multiple time points. Because autoantigen expression in
target tissues is likely a critical partner in driving the autoimmune
response (21, 22), we selected doses of IFN-α and IFN-γ that in-
duced equivalent amounts of Ro52, an IFN-induced autoantigen
frequently targeted in SS. The extensive similarity of the patterns
of gene expression in response to type I and type II IFNs was quite
remarkable. Of the gene products induced twofold or more by
IFN-α, 38% (at 4 h) to 74% (at 24 h) were also induced twofold or
more by IFN-γ. Interestingly, the IFN signatures defined to date in
rheumatic disease samples largely include these IFN-α/γ–induced
genes. These signatures cannot discriminate between the effects of
type I and type II IFNs. We defined a cassette of molecules whose
expression is strongly induced by, and highly specific for, type II
IFN activity (e.g., GBP1, GBP2) across all time points after IFN
exposure. Given the high degree of specificity of the defined
probes for IFN-γ effects, these markers should be included in
analyses of IFN responses in tissues, to either confirm, or rule out,
IFN-γ activity. These data also highlight the importance of rec-
ognizing the cellular and kinetic heterogeneity of tissues when
interpreting gene expression patterns in health and disease. Defi-
nition of specific markers of pathways, which maintain their
specificity across a range of times, is both feasible and useful.
We used these tools to quantify the origins of IFN signatures in

normal and diseased human tissues. Because multiple pathways
may be activated simultaneously in diseased tissue, we used
a simple combination of IFN-α–preferential probes with IFN-
γ–specific probes to quantify the activity of the different IFN
pathways. Heterogeneity in IFN pathway activation was observed
in different SS salivary glands. In most patients, evidence of both
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Fig. 5. Colocalization of markers of type I and type II IFN activity in SS salivary gland biopsies. Minor salivary gland biopsies from controls (n = 3) and patients
with SS (n = 4) were stained with antibodies against the type I IFN-preferential protein IFIT3 (A–C) and the IFN-γ–specific protein GBP2 (D–F). Representative
images from one control (A andD) and two SS (B, C, E, and F) biopsies are shown. Staining with isotype control antibodies was negative in all samples (shown in
Fig. S5). The asterisks denote areas of inflammation, and the arrows designate salivary gland epithelial cells that express both IFIT3 andGBP2. (Scale bars, 50 μm.)

17612 | www.pnas.org/cgi/doi/10.1073/pnas.1209724109 Hall et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/pnas.201209724SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1209724109/-/DCSupplemental/pnas.201209724SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1209724109


type I and II IFN activity was present. In some patients, there was
evidence of either predominant type I (patient SS6) or type II IFN
activity (patient SS7). This was in contrast to a small cohort of DM
patients who exhibited predominantly IFN-α activity. The four
probes chosen in our initial analysis could identify relevant sub-
groups when protein expression in biopsies was quantified by den-
sitometry, normalized against a loading control, and subjected to
unsupervised hierarchical clustering. Diseased tissues were clearly
separated from control tissues. Quite strikingly, SS tissues were
separated from DM tissues, except for the single SS outlier that
exhibited a predominantly type I IFN pattern, which clustered with
DM patients. It is noteworthy that just four IFN-induced proteins
were sufficient to distinguish these groups. The analysis is simple
and quantitative, requires very small amounts of tissue, provides an
integrated readout of pathways active in the target tissues, and has
the potential for automation. This approach facilitates a more
precise classification of patients based on activity of specific path-
ways in the target tissue. It has significant potential as a molecular
diagnostic to more precisely delineate disease subsets, and assist in
selecting patients for therapy or for monitoring effectiveness.
Although the presence of IFN signatures in the target tissue in

rheumatic diseases has been well defined, there has not been an
opportunity to simultaneously visualize the activity of IFN-α and
IFN-γ by immunohistochemistry in the same tissues. Our studies
demonstrate some interesting findings in this regard. First, ex-
pression of IFIT3 and GBP2 was enriched in the same areas of SS
salivary glands. Second, IFIT3 and GBP2 were both expressed in
salivary epithelial cells located in areas of significant inflammatory
infiltrate, although the patterns differed. IFIT3 staining was
enriched in ductal epithelial cells and did not stain inflammatory
cells with similar intensity. In contrast, although GBP2 expression
in ductal epithelial cells in inflamed areas was clearly evident, ex-
pression of GBP2 was more prominent in surrounding infiltrating
mononuclear cells. These patterns demonstrate that epithelial cells
in areas of inflammation in the SS glands are showing the effects of
both types of IFNs. This localized distribution suggests that the
type I and type II IFN pathways converge in epithelial cells at these
sites. Because small amounts of type II IFN can enhance IFIT3
expression (Fig. S4) induced by type I IFN, it is possible that the
striking IFIT3 staining in SS epithelium reflects the sensitizing
effects of local IFN-γ. It is also possible that the ability of IFN-γ to
enhance signaling through Toll-like receptors (TLRs) (e.g.,
TLR3), with augmentation of type I IFN secretion and down-
stream pathways (23), may enhance the type I IFN effect in the
presence of relevant TLR ligands. It is noteworthy that some of the
prominent ribonucleoprotein autoantigens targeted in autoim-
mune rheumatic diseases like SS can ligate and activate TLRs (10,
24, 25). The existence of positively reinforcing interactions be-
tween the different IFN pathways in SS may provide important
therapeutic opportunities. Quantifying IFIT3 and GBP2 expres-
sion in the target tissue during therapy with inhibitors of specific
IFN pathways may provide important insights into the nature and
direction of these reinforcing interactions.
The finding of an IFN-γ effect in SS tissues is noteworthy given

that IFN-γ hasmany potential roles in the pathogenesis of SS. IFN-
γ can induce MHC and costimulatory molecule expression on
epithelial cells, potentially enabling their function as antigen-
presenting cells in the disease microenvironment (26). IFN-γ has
also been shown to sensitize cells to death-inducing stimuli (27).
IFN-γ induces the expression of BAFF (28), which may play a role
in dysregulating B-cell responses in SS. Last, IFN-γ has been
shown to decrease SERCA pump activity and Ca2+ stores in HSGs
(29, 30) and alter tight junction structure and function in rat pa-
rotid cell line (31), possibly contributing to the functional defects
in secretion in SS exocrine tissue. Understanding whether IFN-γ
plays a role in driving pathology in SS is an important priority.
Although an IFN signature has been defined in the blood of

patients with SS and other autoimmune conditions (where it is

associated with active disease), it is not yet known whether the
blood signature has the same pattern as that in affected tissue in
the different diseases. Our studies do not address this important
issue because of the lack of availability of PBMCs from patients
with frozen biopsies. However, a recent study observed high levels
of expression of genes that we show to be IFN-γ specific at multiple
time points (e.g., GBP1,WARS, and SERPING1) in PBMCs from
SS patients (9), suggesting that an IFN-γ effect is present in pe-
ripheral blood. It is possible that lymphocytes that infiltrate the
target tissue in SS enter the tissue with the IFN-γ effect established
and play an upstream role in mediating functional effects in the
target tissue. Defining with precision the origin of the IFN signature
in circulating cells in different diseases is an important priority. The
data will provide tools to quantify responses to therapeutic meas-
ures, and potentially the kinetics of movement of these cells into
and out of tissues during therapy.
These studies have defined probes that more precisely quantify

the activity of different IFN pathways in tissues from various
inflammatory rheumatic diseases. Using such probes on human
tissue has demonstrated that different rheumatic phenotypes as-
sociated with an IFN signature have distinct patterns of IFN ac-
tivity, which are not evident using other analyses. Furthermore,
heterogeneity in signatures exists even within a disease phenotype,
suggesting the probes defined here may be useful markers of pa-
tient subsets, where specific IFNs play distinct roles. As new
therapeutic agents that inhibit type I or type II IFNs become
available, it will be essential to identify with precision the activity of
that pathway in vivo at baseline and after therapy. The approach
and tools defined here provide potentially powerful ways to
accomplish this.

Materials and Methods
Cell Culture and IFN Treatment. Cells from an HSG epithelial cell line (32), a gift
from Bruce Baum (National Institutes of Health/National Institute of Dental and
Craniofacial Research, Bethesda, MD), were maintained in MEM supplemented
with 10% (vol/vol) FBS and 2 mM L-glutamine. Cells were cultured as noted in
the presence of purified leukocyte IFN-α (Sigma) or IFN-γ (R&D Systems).

Microarray Analysis. HSGs were cultured for 4, 12, 24, or 48 h either with IFN-α
(1,000 U/mL) or IFN-γ (50 ng/mL), or without IFN added, and samples were
collected in triplicate at each time point; 36 total samples were assayed.
Total RNA was extracted using TRIzol (Invitrogen). Additional purification
was performed on RNeasy columns (Qiagen), and total RNA quality was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). Biotin-
labeled cRNA was prepared from total RNA according to the chip manu-
facturer’s protocol (Illumina). cRNA was hybridized to Illumina Human HT12
v3 Expression BeadChips, and signal was detected with streptavidin-Cy3.
Signal intensity quantification was performed using an Illumina BeadStation
500GX Genetic Analysis Systems scanner. The microarray data discussed in
this publication have been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus (33).

Analytical Methods and Statistical Analysis for Microarray Data. A single in-
tensity (expression) value for each Illumina probewas obtained using Illumina
BeadStudio software with standard settings and no background correction.
The expression values for all of the probes for each sample were scaled to
have median of 256 (28) and then log2 transformed. Gene expression in IFN-
α– and IFN-γ–treated cells was compared against untreated cells at each time
point. Transcripts (i.e., Illumina probes) considered to be differentially
expressed between two groups of samples were those satisfying the fol-
lowing criteria: (i) Welch t test values of P ≤ 0.01 (34); (ii) Benjamini-Hoch-
berg FDR of ≤0.25 (35); (iii) a fold change of >2.0 (calculated using
geometric means); and (iv) the expression value of the transcript is above the
Illumina BeadStudio calculated background (detection P value of <0.01) in
all three samples in the group with the higher average expression level for
that probe, thus avoiding false positives based on background noise and also
reducing the number of statistical tests for the subsequent FDR calculation.
For a given probe, if the average of the expression levels in the control
samples is greater than that for the IFN-treated samples, then the ratio of
the control average to the IFN average is given, with a minus sign in front, so
the fold change magnitude is always at least 1. SOM analysis was performed
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in GenePattern 2.0 (36) using the SOM clustering algorithm with final α and
σ values of 0.005 and 0.5, respectively (37).

Patients and Tissues. Minor salivary gland (MSG) biopsies were obtained with
informed consent from individuals undergoing diagnostic evaluation for
sicca symptoms indicative of SS, under the approval of the Ethical Committee
of School of Medicine of the National University of Athens (Athens, Greece;
Protocol 5107). SS patients were diagnosed on the basis of the revised
American–European classification criteria (38). The control group included
individuals complaining of sicca symptoms, who did not fulfill the afore-
mentioned SS criteria and had negative biopsy focus scores (<1 foci/4 mm2).
None of the individuals studied had evidence of lymphoma, sarcoidosis, or
infection by hepatitis B, hepatitis C, or HIV. Frozen minor salivary gland bi-
opsies (for lysate generation) were obtained from eight SS patients and six
controls. Salivary gland paraffin sections were obtained from four SS
patients and three controls.

Muscle biopsies were obtained from patients seen at the Neuromuscular
Clinic at Johns Hopkins Hospital. Informed consent was obtained from every
study subject, and all samples were collected under the auspices of Johns
Hopkins Medicine Institutional Review Board-approved protocols. All patient
samples were deidentified, with clinical and laboratory features linked only
to the patient code. Surgical procedures were performed for patient man-
agement, and the research tissue samples were excess tissue obtained for
routine diagnostic purposes. Frozenmuscle biopsies were obtained from four
patients with DM and three individuals whose biopsies were histologically
normal. Histologic criteria for biopsies identified as DM were consistent with
Bohan and Peter criteria (39, 40).

Determination of Antigen Expression in Cultured Cells and Human Tissues.
Lysates were prepared on ice as described previously (21). Protein equiv-
alents were electrophoresed on SDS-polyacrylamide gels, transferred onto
nitrocellulose membranes, and probed with antibodies recognizing GBP1,
Ro52 (Santa Cruz Biotechnology), IFIT3, vinculin (Sigma-Aldrich), GBP2
(Novus Biologicals), or MDA5 (American Research Products). Visualization
was performed using horseradish peroxidase-conjugated secondary anti-
bodies (Jackson Immunoresearch) and developed using an enhanced
chemiluminescence detection system (Pierce). For densitometry, X-ray films
were scanned using an AGFA Arcus II scanner, and densities were quantified
using Bio-Rad Quantity One software. Hierarchical clustering of protein ex-
pression was performed in GenePattern 2.0 using the Hierarchical Clustering
algorithm (41) and was visualized using Java TreeView (42).

Immunohistochemistry. Salivary gland paraffin sections were processed as de-
scribed previously (43). Briefly, after rehydration, antigen retrieval, and block-
ing, sections were incubated overnight at 4 °C with either anti-IFIT3 (10 μg/mL;
Novus) or GBP2 antibodies (30 μg/mL; Novus Biologicals). HRP-conjugated sec-
ondary antibody incubationswere performed for 1 h at room temperature, and
staining was visualized with diaminobenzidine (Dako) per the manufacturer’s
directions. Nuclei were counterstained with Mayer’s hematoxylin. Negative
controls were performed using isotype control antibodies, and in all cases no
stainingwas detected. All images were captured using a Zeiss Axioskop 50with
a Zeiss AxioCam HRc camera and AxioVision 4 software.
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