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Abstract

Interferon alpha and its surrogates, including IP-10 and
SIGLECI, paralleled changes of disease activity in sys-
temic lupus erythematosus (SLE). However, the whole
blood interferon signature (WBIFNS)—the current stan-
dard for type I IFN assessment in SLE—does not corre-
late with SLE disease activity in individual patients over
time. The underlying causes for this apparent contradic-
tion have not been convincingly demonstrated. Using a
multicenter dataset of gene expression data from
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leukocyte subsets in SLE, we identify distinctive subset-
specific contributions to the WBIFNS. In a subsequent
analysis, the effects of type I interferon on cellular blood
composition in patients with SLE and hepatitis B were
also studied over time. We found that type I interferon
mediates significant alterations in whole blood composi-
tion, including a neutropenia and relative lymphocytosis.
Given different effects of type 1 interferon on different
leukocyte subsets, these shifts confound measurement of
a type 1 interferon signature in whole blood. To minimize
and overcome these limitations of the WBIFNS, we sug-
gest to measure IFN-induced transcripts or proteins in a
specific leukocyte subset to improve clinical impact of
interferon biomarkers.

Key messages

*  Myeloid cells contribute more to the WBIFNS in SLE
than their lymphocytic counterpart.

* Very similar leukocyte subsets reveal distinctive IFN
signatures.

» IFN alpha mixes up composition of blood and leads to a
preferential neutropenia, yielding relative lymphocytosis.

Keywords Disease activity - Type [ interferon - Biomarker -
Systemic lupus erythematosus

Introduction
Since 2003, type I interferon (IFN) signatures, defined by

the simultaneous measurement of different interferon-
induced transcripts (IFITs) in whole blood or PBMCs,

@ Springer


http://dx.doi.org/10.1007/s00109-017-1515-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00109-017-1515-7&domain=pdf

754

J Mol Med (2017) 95:753-765

either by PCR or microarray technologies, were used to
detect IFN activity in systemic lupus erythematosus (SLE)
[1-11]. Various studies have demonstrated that an indirect
assessment of IFN-o by detecting downstream response
molecules at the transcriptional level is more sensitive and
robust than quantifying IFN-o levels directly in serum or
plasma samples (with recent available technologies) [1,
12—14]. Although the term “type I IFN signature” is com-
monly used, a conventional definition of that signature
does not yet exist. Neither the selection of IFN-induced
transcripts nor materials or techniques are standardized
(see Table 1).

IFN-o and IFN signatures were the first new promising
biomarkers for measuring disease activity [3, 4, 15] and mon-
itoring therapeutic effects aiming to shut down an activated
IFN system in SLE [8-10, 16, 17], but later, conflicting data
arose as to whether IFN is also longitudinally correlated with
lupus activity.

In 2009, two independent studies did not find any correla-
tion of the whole blood IFN signature (WBIFNS) with the
SLE activity over time [5, 6]. Landolt-Marticorena et al. de-
scribed a lack of association between the IFN signature and
longitudinal changes in systemic lupus erythematosus disease
activity index (SLEDAI) comparing two consecutive visits of
27 SLE patients, including two patients with a ASLEDAI > 6,
11 with a ASLEDAI < 6, and 14 with no change in SLEDAI
[5]. Petri et al. confirmed these results with an improved study
design by analyzing 15 patients with two paired visits that
differed by a SLEDAI > 4 and a further 40 visits of 11 addi-
tional SLE patients who were followed over three to five visits
[6].

In contrast to these data, all of the other reports that did
not determine IFN activity via the IFN signature concordant-
ly found a correlation of IFN-« with lupus activity over time
[18-21]. In the very earliest report of Hooks et al. in 1979
about elevated levels of IFN-«, as measured by its antiviral
bioactivity in the sera of nine longitudinally monitored SLE
patients, a strong correlation with disease activity over time
was observed [18]. Two decades later, the group of Lars
Ronnblom reported that IFN-« levels increase during flares
(defined as an increase in SLEDAI > 4) when analyzing the
serial samples of 30 SLE patients who were prospectively
followed over 16 months [19]. Recently, two large studies
independently demonstrated that IP-10, a chemokine that is
mainly produced by monocytes upon stimulation with
IFN-«, was correlated longitudinally with lupus activity
[20, 21].

The reasons for the unexpected missing correlation of the
IFN signature assessed in whole blood have not yet been
discussed in more detail, although a differential expression
of IFITs in leukocyte subsets and IFN-mediated changes in
the cellular composition of whole blood or PBMCs might be
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attributable. With a more integrated view, Waddell et al. im-
pressively demonstrated different transcriptional responses of
leukocyte subsets upon stimulation with IFN-y using blood
from healthy donors [22]. In 2005, Kirou et al. reported that
their IFN score as calculated for lupus PBMCs was signifi-
cantly and independently associated with percentages of
monocytes and further found that IFIT1 was eightfold more
strongly induced in the CD14" fraction than in the CD14~
fraction of PBMCs in healthy donors [3]. The adhesion mol-
ecule SIGLEC1 (CD169) is one of the constituents of the IFN
signature that has been described in some studies [10, 16, 23].
It is the most highly upregulated gene encoding for a surface
protein in blood cells upon IFN-« stimulation [16] but is ex-
clusively expressed in monocytes and dendritic cells [24].
Comparing the transcriptomes of leukocyte subsets from
SLE patients and yellow-fever-immunized healthy controls,
we could further demonstrate that cell-specific IFN signatures
are differently modulated in both entities [25]. Our other stud-
ies reported similar suggestions but did not focus on this prob-
lem [26-28].

Substantial changes in absolute numbers of leukocytes are
often observed in SLE—influenced by various factors like
disease activity, infections, autoantibodies, and drugs [29].
Moreover, from the therapeutic use of IFN-« in hepatitis C
patients, it has long been known that absolute numbers of
neutrophils, lymphocytes, and thrombocytes decrease—with
severe cytopenia as a therapy-limiting factor [30, 31]. In both
entities, changes in leukocyte frequencies have not been ad-
dressed so far.

In this report, we demonstrate that [IFN-« induces cell-type-
specific IFN signatures and disarranges the cellular composi-
tion of the whole blood compartment over time. Based on
these findings, we propose a strategy using cell-type-specific
IFN signatures as biomarkers for the successful longitudinal
monitoring of SLE patients. Moreover, these results explain
why WBIFNS has failed so far in the longitudinal monitoring
of SLE activity.

Material and methods

A synopsis reflecting the study design, existing substudies,
included patient cohorts, and investigated leukocyte subsets
is given in Table 2.

Study participants

All SLE patients fulfilled at least 4 of the 11 American
College of Rheumatology (ACR) criteria for SLE [32].
Disease activity was measured using the SLEDAI or the
British Isles Lupus Assessment Group (BILAG) 2004
index. Active disease was defined as a SLEDAI score
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Table1 Different definitions of type I IFN signatures. IFN-induced transcripts previously used to assess the IFN signature in SLE (gray) and used for
defining the IFN signature in this study (dark gray) and applied materials and techniques (check marks)

Kirou et al. [3]
Feng et al. [4]
Landolt et al. [5]
Petri et al. [6]
Morimoto et al. [17]
Yao et al. [16]
Lauwerys et al. [10]
McBride et al. [8]
Cambridge [26]

Berlin [25]

CD63
EIF2AK2
EPSTII
HERC5
1F127
1F144
TF144L
1F16
TFIT1
IFIT3
ISG15
LTK
LY6E
MX1
0OASI1
0OAS2
0OAS3
OASL
PLSCR1
RSAD2
RTP4
SIGLECI1
SPATS2L
USP18
Whole blood

Interferon—-induced transcripts

PBMC’s v v

Material

Cell-specific v v v

Microarray v v v v v v v

Real-time PCR v v v v

Techniques

>8 or as at least one BILAG A or two BILAG B scores.  Definitions of IFN signatures
All patients with hepatitis C had a chronic and untreated
infection. Viral loads and genotypes were determined by  Studies were selected that measured IFN signatures in

PCR. Detailed patient characteristics were previously de-  whole blood or PBMCs as a biomarker for disease activity
scribed [25-27, 30]. Healthy donors had no signs of  or pharmacodynamics in SLE. In these studies as summa-
infections and no history of rheumatic diseases. rized in Table 2, different combinations of 24 genes were
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Platform

Cell types

Number F:M ¢ age Site

Cohort

Fig/tab

Description of subanalysis

Study design

Table 2
Substudy

@ Springer

Cambridge CDI16+ neutrophils, CD14+ monocytes, CD8+ T Customized cDNA array

10 10:0 47

Active SLE

Fig. 1

Contribution of blood subsets to

Cell-specific

cells, CD4+ T cells, CD19+ B cells
CD33+ monocytes, CD4+ T cells, CD19+ B cells  Affymetrix HG-U133A

WBIENS (CSS)
CSS, IFIT expression, and profiles in Fig. 2, suppl.

expression of

IFITs

Dallas

45

5:0
6:0

6:0
4:0

2:2
4:0

Inactive SLE 5
Active SLE

ND

31

Fig. 1

subsets, cell classification

according to TFITs
Cell classification according to IFITs Fig. 3

39
41

Affymetrix HG-U133 Plus 2.0

HLA-DR (high) plasmablasts, HLA-DR (low)

Berlin

4

Active SLE

ND

plasma cells
CD14+ CD16— and CD14+CD16+ monocytes

32
27
25

4

Active SLE

ND

4:0

Neutrophils, lymphocytes, monocytes

79 71:8 36 Berlin

20
42

SLE
ND

Comparison of absolute and percental Fig. 4

Cross-sectional

16:4 39

blood composition

differences in

Vienna

19:23 47
23:3 38
5:11

Hepatitis C
SLE

blood count
Longitudinal blood ~ ASIGLECI1 vs Afrequencies

Berlin

26

Table 3
Fig. 5

Vienna

50

16

Hepatitis C

Before and after IFN-oc

effects of IFN

HG human genome, HLA-DR human leukocyte antigen-DR, /FITs interferon-induced transcripts, /F'N interferon, ND normal donors, SIGLEC] sialic acid-binding Ig-like lectin 1, WBIFNS whole blood

interferon signature

used as IFN signature. Because of the use of different
microarray platforms, some of these IFITs could not be
assessed in all analyses.

Cell-specific expression of IFN-inducible transcripts

Detailed separation strategies, procedures, materials, and pu-
rification of cell subsets (always >95%) are specific for
recruiting sites: Cambridge, Dallas, and Berlin [25-28].

Signal log ratios (SLR) for HG-U133 arrays were calculat-
ed by the GCOS software (Affymetrix) as described elsewhere
(http://mmjggl.caltech.edu/microarray/data analysis
fundamentals_manual.pdf).

Hierarchical cluster analyses were performed by Genesis
software (version 1.7.6) using Euclidean distance and average
linkage clustering.

Cross-sectional differences in blood cell counts

Absolute counts and percentages of neutrophils, lymphocytes,
and monocytes from local laboratory blood counts from 79
patients with SLE were compared in a cross-sectional design
to those of 20 healthy controls and 42 patients with untreated
chronic hepatitis C virus infection.

Longitudinal effects of IFN-« on blood cell counts

Changes of absolute counts and percentages of neutro-
phils, lymphocytes, and monocytes were longitudinally
compared to changes of disease and IFN activity in 26
SLE patients (with a total of 77 visits). For the measure-
ment of IFN activity, sialic acid-binding actin Ig-like lec-
tin 1 (SIGLEC1) was determined by flow cytometry as
described previously [14]. Additionally, 16 hepatitis C
patients received a single IFN sensitivity testing dose of
9 megaunits (MU) IFN-«2a (n = 10) or 10 MU IFN-a2b
(n = 6). After 1 week without therapy, 180 pg pegylated
IFN-o2a (n = 10) or 1.5 ng/kg body weight pegylated
IFN-a2b (n = 6) was administered weekly for a total of
three times. Blood counts drawn at day 0 (before IFN
sensitivity testing dose) and at day 21 (after the last
administration of pegylated IFN-o) were evaluated.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 5.0
(GraphPad, La Jolla, CA, USA) and IBM SPSS Statistics
V.19.0. The significance of mean differences between related
and parametric variables was determined by paired ¢ test or
one-way repeated-measure ANOVA followed by Tukey’s post
hoc test as appropriate. To compare the composition of pe-
ripheral blood leukocytes in patients with SLE to healthy con-
trols and to patients with hepatitis C, the nonparametric
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Kruskal-Wallis test followed by Dunn’s post hoc test was
used. For analysis of correlation between the BILAG-2004
index and the expression of SIGLEC1 on monocytes with
absolute counts and percentages of different leukocyte sub-
sets, a Pearson correlation was performed. p values less than
0.05 were considered statistically significant.

Results

Quantitative characterization of cell-type-specific
interferon signatures

To investigate the individual contribution of different leu-
kocyte subsets to the WBIFNS, we determined the mag-
nitude of the IFN-induced signatures in neutrophils,
monocytes, CD4" T helper cells, CD8" cytotoxic T cells,
and CD19" B cells from 10 SLE patients with active dis-
ease by summing up the SLR from 20 IFITs (see Table 1)
(Fig. 1). Based on these transcripts, the IFN signatures in
neutrophils (mean = 23.03) and monocytes (mean = 18.82)
were significantly higher than those of the lymphocyte
subtypes (mean CD4" = 2.35; mean CD8* = —1.04; mean
CD19" = 0.35). No statistically significant difference
could be detected between neutrophils and monocytes or
between the lymphocyte subtypes.
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Fig. 1 Neutrophils and monocytes reveal significantly higher IFN
signatures than T and B cells. The magnitude of IFN signatures was
calculated using the sum of signal log ratios from 20 IFN-induced genes
and compared in neutrophils, monocytes, T helper cells, and cytotoxic T
cells and B cells from 10 patients with active SLE. Statistical significance
was determined using a one-way repeated-measure ANOVA (F value)
followed by Tukey’s post hoc test (**p < 0.01, ns = not significant).
Horizontal bars denote the mean. Neutrophils revealed a significantly
higher IFN signature than T helper cells and cytotoxic T cells and B cells
(all p < 0.001). Additionally, monocytes had a significantly higher IFN
signature than T helper cells (p < 0.01) and cytotoxic T cells (p < 0.001)
and B cells (p < 0.01). No statistically significant difference could be
detected between neutrophils and monocytes or between the lymphocyte
subtypes

To confirm this finding, an independent transcriptome
dataset was analyzed in the same way but was based on
23 IFITs (see Table 2). The magnitude of the IFN signa-
tures was compared in monocytes, CD4" T helper cells,
and CD19* B cells from six SLE patients with active
disease (SLEDAI > 8) and five SLE patients with less
active disease (SLEDAI < 7) (Fig. 2a). Six patients, in-
cluding five patients with active disease (SLEDAI > 8)
and one patient with SLEDAI = 7, had prominent IFN
signatures in all three cell lines. The other five patients
with low IFN signatures had less active disease
(SLEDALI < 7). IFN-signature-positive patients were fur-
ther examined separately from the IFN-signature-negative
patients: monocytes (mean = 95.21) revealed again a sig-
nificant higher IFN signature than did T helper cells
(mean = 80.13) and B cells (mean = 77.76).

Next, transcriptome data from the six IFN-signature-
positive patients were used to study the individual expres-
sion levels from 21 IFITs (Fig. 2b). Because LTK and
CD63 were expressed at very low levels in all of the
investigated samples, these two IFITs were not considered
here. This analysis showed that cell-type-specific quanti-
tative differences in gene expression of selected IFITs
were ascertained. Thus, the expression of EIF2AK2,
HERCS, IFI44L, IFIT1, PLSCR1, and RTP4 did not differ
significantly between the three leukocyte subtypes. In
contrast, there was a significantly elevated expression of
IF127, LY6E, OAS2, OAS3, OASL, RSAD2, SIGLECI,
and USP18 in monocytes compared to both lymphocyte
subtypes. IF144, ISG15, and SPATS2L were expressed
significantly higher in B cells than in monocytes. T cells
also revealed a significantly elevated expression of OAS1
compared to both monocytes and B cells. Besides OASI,
T and B cells differ significantly in the expression of IFI6,
IF144, TFIT3, MX1, OASL, and USP18.

In SLE, leukocyte subtypes can be classified according
to their specific IFN signatures

To validate the observation that leukocyte subsets present
unique IFN responses, the gene expression levels in mono-
cytes, T helper cells, and B cells from six IFN-signature-
positive SLE patients (see Fig. 2a) and six healthy donors
were visualized as a heat map by hierarchical clustering. As
shown in supplementary Fig. 1, all of the SLE samples were
clearly separated from healthy donors, but most importantly,
even the different cell types were grouped as separate clusters
according to their cell-specific IFN responses. The same holds
true when using principal component analysis (see Fig. 2c¢).
Leukocyte subtypes from normal donors allowed no cell-type-
specific clustering.

We next examined whether closely related leukocyte sub-
types that share many similarities in phenotype and function
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«Fig. 2 Monocytes, T helper cells, and B cells reveal substantial
differences in the quantity of their IFN signatures. a The magnitude of
IFN signatures was calculated using the sum of signal log ratios from 23
IFN-induced genes and compared in monocytes, T helper cells, and B
cells from six SLE patients with active and five SLE patients with less
active disease (left graph). Six SLE patients showed prominent IFN sig-
natures in all three leukocyte subsets and were analyzed separately (right
graph). Statistical significance was determined using a one-way repeated-
measure ANOVA (F value) followed by Tukey’s post hoc test
(***p < 0.001, ns = not significant). Horizontal bars denote the mean.
In IFN-signature-positive patients, monocytes had a significantly higher
IFN signature than T helper cells and B cells. b Expression levels from 21
IFITs as calculated using the signal log ratio were examined individually
in monocytes (green), T helper cells (blue), and B cells (magenta). The
three graphs above show the means of gene expression levels from the six
IFN-signature-positive SLE patients in monocytes and both lymphocyte
subtypes. The lower graphs compare the means of gene expression levels
between all three cell lines in an overlay. Statistical significance was
determined using a one-way repeated-measure ANOVA followed by
Tukey’s post hoc test (*p < 0.05, **p < 0.01, and ***p < 0.001).
Expression differences depend on the selected interferon-induced tran-
scripts. ¢ SLE monocytes separate from SLE lymphocytes based on their
IFN signature in principal component (PC) analysis using Genesis soft-
ware. Distributions of monocytes (green), T helper cells (blue), and B
cells (magenta) are visualized in two two-dimensional plots (second view:
same data rotated around the y-axis by 90° to the right) in PC analysis.
PC1, PC2, and PC3 explained a variation of 32.76, 21.31, and 14.81%,
respectively. Separation of T and B cells is less clear

can be distinguished based on their IFN signatures. First, the
IFN signatures—defined by 24 IFITs (see Table 2)—in plas-
ma cells and plasma cell progenitors (plasmablasts) from four
active SLE patients and four healthy donors were investigated
by a hierarchical cluster analysis (Fig. 3a). As a result, the
cluster dendrogram for plasma cells and plasmablasts clearly
showed separated cell-specific branches in SLE.

The same holds true for transcriptome data from another
four active SLE patients when comparing the IFN signatures
of CD14**CD16" inflammatory and CD14" " CD16" resident
monocytes, the two major subpopulations of monocytes that
are found in human peripheral blood (Fig. 3b). For monocytes
from SLE patients, a perfect classification of subsets was ob-
tained. Thus, the hierarchical cluster analyses clearly indicate
that IFN signatures are modulated in a cell-specific manner.

Composition of peripheral blood leukocytes in SLE is
highly different from that of healthy controls
and untreated patients with hepatitis C

Considering the existence of cell-type-specific type I IFN sig-
natures as shown before, it can be assumed that differences in
the composition of peripheral blood leukocytes will bias the
transcriptomic analyses of whole blood in SLE. Therefore, we
compared the absolute counts and frequencies of leukocyte
subsets from 79 SLE patients to 20 age- and sex-matched
healthy donors and to 42 untreated hepatitis C patients
(Fig. 4). Factors potentially influencing blood compartment

in SLE like lupus activity and medication were not further
addressed in this cross-sectional analysis.

Although the absolute counts of neutrophils in SLE pa-
tients and healthy donors did not show a significant difference,
their percentages were significantly increased in SLE patients.
The number and percentage of lymphocytes were significantly
reduced in SLE patients when compared to healthy controls,
indicating that lymphocytopenia is a common feature in lupus
pathology. In contrast, the distribution of monocytes did not
significantly differ between SLE patients and healthy controls.

Remarkably, the absolute counts and frequencies of leuko-
cyte subsets in untreated patients with hepatitis C were very
similar to those observed in healthy donors. Only monocyte
counts and percentages were significantly higher in hepatitis C
patients. Thus, the comparison of patients with SLE and hep-
atitis C revealed the same results as did the comparison of SLE
patients and healthy controls concerning changes in leukocyte
percentages in SLE.

SLE disease activity and interferon alpha change
leukocyte composition over time

To elucidate the influences of disease activity and IFN-« on
the composition of peripheral blood leukocytes over time,
longitudinal data from 26 SLE patients, including 77 wvisits,
were investigated. Changes in BILAG-2004 and SIGLECI, as
surrogate markers for IFN activity, were compared with
changes in the absolute counts and frequencies of neutrophils,
lymphocytes, and monocytes (Table 3).

There was a negative correlation between both disease ac-
tivity and SIGLEC1 and absolute counts of neutrophils, but no
statistically significant relationship was observed with the
counts of other leukocyte subsets. Interestingly, disease activ-
ity correlated inversely with the percentage of neutrophils and
positively with those of lymphocytes and monocytes.
SIGLECT correlated similarly to BILAG-2004 with the per-
centage of neutrophils and lymphocytes. No correlation could
be detected between SIGLEC! and the percentage of
monocytes.

To further discriminate the effects of IFN-oc on blood com-
position from that of SLE disease activity, the leukocyte
counts and percentages of 16 hepatitis C patients were com-
pared before and after three administrations of subcutaneous
pegylated IFN-x (once weekly 180 pg of Peg-IFN-a2a or
1.5 pg/kg of Peg-IFN-a2b) (Fig. 5).

After treatment with IFN-c, counts of neutrophils, lympho-
cytes, and monocytes were significantly suppressed.
However, absolute counts of neutrophils and monocytes de-
creased by 54.2 and 32.1%, respectively, while lymphocyte
numbers only decreased by 15.5%. These differences in the
reduction of cell numbers strongly affected the percentages of
leukocytes: within 21 days of IFN administration, the leuko-
cyte frequencies (neutrophils:lymphocytes:monocytes)
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clustering of IFN signatures in plasma cells and plasmablasts from four
patients with active SLE and four normal donors (ND). b Hierarchical
clustering of IFN signatures in inflammatory (inf) and resident (res)
monocytes from four patients with active SLE and four and three

changed from approximately 60:30:10 to approximately
45:45:10.

Discussion

In the present study, we described critical parameters
leading to a significant bias in the evaluation of type I
IFN signatures in whole blood or PBMCs as biomarkers
of lupus activity. We illuminate that the measurement of
an IFN signature in mixed cell populations is associated
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normal donors (ND), respectively. The interferon signature was defined
by 24 interferon-induced genes. For some of these genes, several probe
sets were used. Gene expression levels were calculated using signal log
ratios. The expression values are represented by color changes. Red in-
dicates relatively upregulated and green relatively downregulated
transcripts

with several problems that are caused by quantitative and
qualitative differences in IFN responses and changes in
the composition of peripheral blood leukocytes as influ-
enced by disease activity and IFN-« themselves. Cell-
specific analyses of transcriptomes or proteomes will
overcome these problems and, therefore, should become
standards in monitoring disease activity in SLE and other
interferonopathies in the future.

When we first compared the amplitude of IFN signa-
tures in leukocyte subsets of SLE patients, we found that
neutrophils and monocytes—as representatives of innate
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Fig.4 Composition of peripheral
blood leukocytes in SLE is highly
different from that of healthy
controls and untreated patients
with hepatitis C. a Absolute
counts and b percentages of
neutrophils, lymphocytes, and
monocytes compared in patients
with SLE (n = 79), normal donors
(ND;, n = 20), and untreated
patients with hepatitis C (HepC;
n = 42). Statistical significance
was determined using Kruskal-
Wallis test followed by Dunn’s
post hoc test (*p < 0.05,

*#p < 0.01, and ***p < 0.001).
Horizontal bars denote the medi-
an. Dotted lines show the normal
reference ranges
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Table 3  Percentage of neutrophils is inversely correlated with disease and IFN-«x activity. Longitudinal changes in BILAG-2004 and SIGLECI
compared to changes in absolute counts and the percentages of neutrophils, lymphocytes, and monocytes in 26 SLE patients (n = 77). Shown are the
results of a correlation analysis with the correlation coefficient »

ABILAG-2004 ASIGLEC1

Absolute counts Percentages Absolute counts Percentages
ANeutrophils —0.402%* —0.490%%* —0.318* —0.325%
ALymphocytes 0.250 0.4807%#* 0.176 0.351*
AMonocytes 0.014 0.293* —0.050 0.129

BILAG-2004 British Isles Lupus Assessment Group 2004 Index, SIGLEC sialic acid-binding Ig-like lectin 1

#p < 0.05; #p < 0.01; #%p < 0.001
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immunity—contribute by a significantly stronger response
to the WBIFNS than do B and T cells. Moreover, it must
be noted that we did not consider the mRNA expression
of reticulocytes and thrombocytes that may also contrib-
ute to the WBIFNS [33], as described for thrombocytes of
SLE patients [34]. To our knowledge, IFN responses have
not been investigated so far in immature erythrocyte pre-
cursor cells.

Based on the most frequently used IFITs (see Table 1)
and as illustrated by hierarchical clustering and principal
component analysis, we could clearly demonstrate that leu-
kocyte subsets were characterized by cell-type-specific
IFN signatures. These data agree with the cell-distinct gene
responses upon IFN-y in healthy controls shown by
Waddell et al. [35]. Remarkably, a classification of differ-
ent—even closely related—cell types, such as plasmablasts
and plasma cells, was possible according to their particular
IFN signatures, using only approximately 1% of 2100
IFN-«-related genes [36].

Comparing the relative frequencies of leukocytes in SLE
patients and healthy controls, dramatic differences were ob-
served. Thus, the comparability of whole blood samples from
SLE and healthy donors for -omic studies seems per se to be
questionable. The same holds true for analyzing PBMCs in
SLE because of a significantly decreased percentage of CD4™
T cells [26] and the contamination with low-density neutro-
phils that cannot be separated by density-gradient centrifuga-
tion [2, 37]. These facts query many -omic studies done so far.

Disruptive factors destabilizing the blood composition in
SLE include lupus activity, viral and bacterial infections, cell-
destroying autoantibodies, and medication (e.g., glucocorti-
coids or cyclophosphamide) [29]. In addition, IFN- can af-
fect the absolute counts of leukocytes [19, 30, 31], but chang-
es in frequencies have not yet been investigated in detail.

@ Springer

Here, we correlated the disease activity and the expression
of SIGLECI to changes in the cellular blood composition of
26 SLE patients over time and found that both seemed to be
coregulated and were related to a significant reduction of ab-
solute neutrophil counts. Thus, in active SLE patients, dramat-
ic shifts in leukocyte frequencies can be observed: the percent-
age of neutrophils decreased, while that of lymphocytes rela-
tively increased.

To more clearly elaborate the blood effects of IFN-«, we
next examined the blood of patients with hepatitis C before and
after therapy with pegylated IFN-«. Again, a prominent de-
crease in neutrophils was observed—very similar to that during
a SLE flare or an acute viral infection. By consequence, the
ratio of neutrophils to lymphocytes changed in favor of the
latter. Thus, it is expectable that type I IFN inhibitors also affect
cellular blood composition in IFN-positive SLE patients.

With a global perspective, it appears that neutrophils and
monocytes are more sensitive to IFN-oc: both subsets reveal
higher IFN signatures than B or T cells and, during IFN-o
therapy, their absolute numbers decrease much more strongly
than do those of lymphocytes. The higher sensitivity of mye-
loid cells can be explained by a higher density of IFN receptor
expression. Tochizawa et al. studied expression of IFNAR2,
one of the two subunits of type I IFN receptor, in a leukocyte-
specific manner by flow cytometry and observed a significant
higher IFNAR2 expression on neutrophils, monocytes, and
NK cells in healthy individuals; even more pronounced after
blood stimulation with recombinant IFN-x [38].
Alternatively, the IFN-«-induced suppression of neutrophil
colony-stimulating factor (G-CSF) or an induction of FAS
expression could be responsible for the decrease in neutrophil
and monocyte counts [19, 39].

In light of the presented cell-specific and IFN-x-induced
considerations, it becomes obvious why the WBIFNS failed in
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reflecting changes of disease activity over time in SLE [5, 6].
Because neutrophils showed a stronger IFN response than did
lymphocytes, the WBIFNS during a SLE flare is strongly
biased by neutropenia accompanied by a relative lymphocy-
tosis. In principle, these observations are applicable to other
IFN-mediated rheumatic diseases, such as Sjogren’s syn-
drome [40], immune thrombocytopenia [41], genetic
interferonopathies [42, 43], and viral infections [44, 45].

In conclusion, we show suggestive data that the highest
diagnostic power of IFN signatures as biomarkers for moni-
toring SLE disease activity is achieved when their assessment
is performed in a cell-specific manner. This assessment can be
performed at the transcriptional manner but is dependent on an
enrichment of the target cell population, or analyses must be
performed by appropriate mRNA-based flow cytometric pro-
cedures. It must be determined whether bioinformatic tools,
such as the deconvolution [46] of WBIFNS, will allow a reli-
able readout of cell-specific signatures. The last method—de-
spite its unproven status—would enable the reanalysis of
WBIFNS assessed in clinical trials to rechallenge the relation-
ship of IFN signatures with the disease activity and pharma-
codynamic action of IFN-« inhibitors. Alternatively, tran-
scriptional signatures must be translated at the protein level,
enabling flow cytometric measurements at the single-cell lev-
el, as shown for SIGLECI [14, 24, 27] and CD64 [47, 48], or
for being independent from cell-based assays by the detection
of mediators that are released in serum, such as IP-10 [14, 20,
21], or the IFN gene reporter assay [49]. However, as previ-
ously shown [14], the highest sensitivity is rather ensured by
monitoring cell-associated biomarkers, which are not influ-
enced by dilution or adsorption effects in the bloodstream.
To reevaluate the diagnostic power of interferon signatures
in SLE and other interferon-driven diseases, the implementa-
tion of appropriate biomarker/biosignature assays in clinical
studies is urgently needed.
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