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Abstract

Objective—The significance of distinct B cell abnormalities in Primary Sjögren’s Syndrome

(pSS) remains to be established. Therefore, we analyzed the phenotype and mRNA transcript

profiles of B cell subsets in patients with pSS compared with patients with sicca symptoms, and

healthy controls (HCs).

Methods—CD19pos B cells from pSS (n=26), sicca (n=27), and HCs (n=22) were analyzed by

flow cytometry. Gene expression profiles of purified B cell subsets (n=3-5, per group, per test)

were analyzed using Affymetrix gene arrays.

Results—pSS patients had lower CD27pos/IgDneg switched memory (SM) and CD27pos/IgDpos

unswitched memory (UM) B cells compared with HCs. UM B cell frequencies were also lower in

sicca patients and their levels correlated with serologic hyperactivity in both disease states.

Further, pSS UM had lower expression of CD1c and CD21. Gene expression analysis of CD27pos

memory B cells separated pSS from HCs and identified a subgroup of sicca with a pSS-like

transcript profile. Moreover, UM B cell gene expression analysis identified 187 differentially

expressed genes between pSS and HCs.

Conclusion—A decrease in UM B cells is characteristic of established pSS as well as sicca with

serologic hyperactivity thereby suggesting their value as biomarkers of future disease progression

and in understanding disease pathogenesis. Overall, the mRNA transcript analysis of UM B cells

suggests their activation in pSS through innate immune pathways in the context of attenuated
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antigen-mediated adaptive signaling. Thus, our findings provide important insight into the

mechanisms and potential consequences of decreased UM B cell in pSS.

Primary Sjögren’s Syndrome (pSS) is a systemic autoimmune disease characterized by

abnormal lymphocytic infiltration in the lacrimal and the salivary glands. The most

prevalent and distinctive features of this disease are keratoconjunctivitis sicca (dry eyes) and

xerostomia (dry mouth) - sicca symptoms. pSS patients can also suffer from extra-glandular

manifestations that may either precede full-blown disease or present late in the course of the

disease [1]. Nevertheless, sicca symptoms can be present in the general population

frequently accompanied by immunological abnormalities but in the absence of obvious

autoimmune disease. Thus, in absence of definitive diagnostic tests, early diagnosis of pSS

is difficult to make [2]. Accordingly, classification criteria have been proposed to assess

disease activity and provide a more homogeneous case classification for research studies [3].

However, these classification criteria often fail to capture patients early in the course of the

disease – before underlying immunological mechanisms lead to destructive pathology.

A role for B cells in the pathogenesis of pSS is strongly indicated by multiple lines of

evidence, including elevated levels of total serum immunoglobulin, high levels of several

autoantibodies, and greatly increased levels of B cell survival and differentiation factors like

BAFF (B cell Activating Factor) and IL-21 [4–6]. Additionally, pSS patients have major

disturbances of peripheral-blood B cell homeostasis [7–9] and have lymphocytic infiltrates

in the salivary glands that frequently include the presence of ectopic germinal-center

reactions [10]. The pathogenic significance of B cells is also supported by promising results

obtained by B cell-targeting therapies [11, 12].

The precise contribution of B cells to pSS pathology remains to be fully understood, as is the

potential diagnostic value of the observed B cell abnormalities. Studies of B cell profiling in

pSS typically concentrate on univariate analysis of B cell populations in patients with

definitive diagnosis. However, given disease heterogeneity and the multiple, often opposing

functions of B cell populations [13, 14], it is important to understand the global B cell

profile of autoimmune diseases. In this work, we examined the B cell memory phenotypic

and gene expression profile of patients with a wide spectrum of disease. We found the loss

of unswitched (IgDpos/CD27pos) memory B cells was associated with clinical disease

indicators in pSS and that this loss was present in a subset of sicca patients lacking a

conclusive pSS diagnosis. Furthermore, gene expression studies demonstrate unswitched

memory B cells from pSS patients had an altered profile characterized by lower expression

of cell signaling genes necessary for adaptive immunity. These findings may provide a

model for eventual advanced diagnostics and rational design of B cell targeted therapies.

Patients and Methods

Study Subjects

This study was approved by the University of Rochester Research Subject Review Board

and all subjects provided informed consent. Blood was drawn from 26 pSS patients meeting

AECG classification criteria [3] (pSS), 27 sicca patients and 22 healthy control donors.

Sicca patients comprised the following subgroups: patients with sicca symptoms in the
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context of a clinical diagnosis of pSS established by the managing rheumatologist but

without fulfilling AECG criteria (non-AECG pSS; n=4); and patients with sicca symptoms

but neither clinical nor AECG-based diagnosis of pSS (sicca; n=23). pSS patients included

25 females and 1 male, sicca patients included 27 females, and healthy controls included 22

females. Patient characteristics are detailed in Table 1. For microarray analysis, whole blood

was acquired from 5 pSS patients defined by AECG classification criteria, 5 sicca patients,

and 3-5 healthy control donors per experiment.

Sample Preparation

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (Amersham

Biosciences) gradient centrifugation of whole blood at 20°C. PBMCs were cryogenically

frozen until flow cytometric analysis. Serum was isolated from serum separator tubes (SST)

by centrifugation at 20°C and frozen until luciferase immunoprecipitation systems (LIPS)

analysis.

Flow Cytometry

After thawing, single-cell suspensions of PBMCs were labeled at 4°C with the following

mAb conjugates: anti-CD1c biotin (Miltenyi), anti-CD3 Pacific Orange (Invitrogen,

Carlsbad, CA), anti-CD19 APC-Cy7 (BD Pharmingen, San Diego, CA), anti-CD21 PE-Cy5

(BD Pharmingen), anti-CD23 PE-Cy7 (eBioscience), anti-CD24 PE (BD Pharmingen), anti-

CD27 Qdot605 (Invitrogen), anti-IgD FITC (BD Pharmingen), Streptavidin PE-Alexa610

(Invitrogen). Dead cells were excluded with Live/Dead fixable Aqua dead cell staining kit

(Invitrogen). 5x105 – 106 events were collected for each sample on an LSRII flow cytometer

(BD). FlowJo (Tree Star) was used for gating analysis.

Luciferase Immunoprecipitation Systems (LIPS) Assay

LIPS assay was performed as previously described [15]. 1-µL of serum or 5-µL of saliva

was used for each test. Light units were calculated from the mean of at least two

independent experiments.

Cell Sorting

Single-cell suspensions of freshly isolated PBMCs were labeled at 4°C with the following

mAbs: anti-CD3 pacific orange (Invitrogen), anti-CD14 pacific orange (Invitrogen), anti-

CD19 APC-Cy7 (BD Pharmingen), anti-CD27 PE (BD Pharmingen), and anti-IgD FITC.

Live CD19pos B cells were subdivided into CD27pos memory and CD27pos/IgDneg naïve or

separately, CD27pos/IgDneg switched memory and CD27pos/IgDpos unswitched memory, and

sort-purified on a FACSAria cell sorter (BD) into FACS buffer. Samples were stored at

−80°C in cell lysis buffer until RNA extraction for microarray analysis.

RNA Extraction

RNA was extracted with QIAGEN RNeasy Micro kits (QIAGEN) following the

manufacturer’s protocol, which included on-column DNA digestion. Total RNA yield was

determined with a Nanodrop spectrophotometer, and RNA integrity confirmed with an

Agilent 2100 Bioanalyzer (Agilent Technologies).
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cDNA Microarray

Global gene expression profiles were generated with Gene 1.0 ST arrays (Affymetrix).

Biotinylated cDNA was generated from cDNA with the NuGEN Encore Biotin kit

(NuGEN). The microarray probe intensity files were analyzed with the Affymetrix PLIER

algorithm to produce normalized signals for the probe sets.

Statistics and Analysis

Statistical Analysis including, T-test, Mann-Whitney U test and ANOVA, were performed

using Prism (GraphPad Software, Inc., La Jolla CA). Hierarchical clustering was

accomplished using Matlab (The Mathworks, Inc., Natick MA). Ingenuity Pathways

Analysis (Ingenuity Systems, Redwood City CA) was used for network and functional

enrichment analysis.

Results

Patients with AECG+ pSS and a subset of subjects with sicca symptoms share B cell
abnormalities

Because pronounced B cell abnormalities are commonly observed in well-established pSS

[16–18], we hypothesized that undiagnosed patients with sicca symptoms (sicca patients)

would share a similar B cell phenotype. Viable CD19pos/CD3neg B cells were analyzed by

flow cytometry for surface expression of CD27 and IgD to define the major B cell subsets

identified by these markers [19] (Figure 1A). As previously reported [9, 16, 20], pSS

patients had significantly lower frequencies of switched memory (SM) and unswitched

memory (UM) B cells together with increased frequencies of naïve B cells compared with

HCs (Figure 1B) (all p < 0.0005,). As a group, sicca patients also had significantly lower

frequencies of UM B cells compared with HCs (p < 0.05; Figure 1B). Interestingly, all 4

patients with non-AECG SS fell within the lower UM range. By contrast, sicca patients had

SM frequencies that were significantly higher than pSS but not statistically different than

HC. The differences between pSS and HCs were also observed when cell number per µl of

peripheral blood was calculated for SM and UM subsets (p < 0.005 and p < 0.0005,

respectively) (not shown). Therefore, lower peripheral B cell memory compartments

(particularly UM) are shared phenotypic disturbances in pSS patients and sicca patients.

There was a higher frequency of CD27neg/IgDpos naïve B cells in pSS and sicca compared

to HC (p < 0.0005 and p < 0.05, respectively) (Figure 1B); however, the absolute numbers

(not shown) of these cells were not significantly different between pSS and HCs. This

suggests that reduced memory frequency in pSS results from a reduction in the number of

circulating memory B cells whereas increased naïve cell frequencies, and not absolute

numbers, reflects decreased memory cell numbers. Finally, there were no differences in

isotype-switched CD27neg/IgDneg B cells, double negative (DN) B cells [21], in either pSS

patients or sicca patients compared to HCs (Figure 1B).

Integrated B cell profiling allows clustering of pSS and sicca patients

Figure 1 shows significant inter-individual variability for all B cell subsets. Therefore, we

clustered subjects based on B cell frequencies, using simplicial distance [22] and average
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linkage, and displayed as a heatmap with clinical and immunological variables aligned to the

heatmap (Figure 2, middle bar graphs and bottom dots and bars, respectively). We

identified up to 5 distinct B cell-defined clusters, with AECG-defined pSS patients (Figure

2) concentrated in clusters I, II and V whereas HC were preferentially grouped in clusters III

and IV. By contrast, sicca patients segregated either with pSS patients (Clusters I, II & V) or

with HCs in Cluster III. Cluster I, which only comprised diseased subjects with a

predominance of pSS, was characterized by profound contraction of memory B cells (both

SM and UM) and levels of DN cells on the low-normal range together with a relative

expansion of naïve B cells. Cluster V was also enriched for diseased subjects with an almost

equal mix of pSS and sicca patients, including 3 out of 4 AECG-negative SS patients. This

cluster shared with Cluster I a significant decrease in UM and SM B cells albeit at a lower

degree for the SM subset. Cluster II contained a mix of pSS and sicca patients with low UM

but a range of SM frequencies. Cluster III contained most of the HCs with a characteristic

normative range of all major B cell subsets as well as a number of sicca patients with a B

cell profile comparable to HC. Finally, cluster IV included HC with low SM frequencies

essentially representing the low normal quartile, however UM was not reduced. Of interest,

the one pSS patient included in this cluster lacked all the serological abnormalities typical of

this disease. Collectively, Figure 2 shows that clustering allows the categorization of sicca

patients based on the relatedness of their B cell phenotypic profile to either pSS patients or

to HCs.

Unswitched memory (UM) B cell frequency associates with clinical and immunological
parameters in sicca and Sjögren’s patients

Patients in Cluster I (Figure 2, left) displayed a high frequency of serological abnormalities,

(autoantibodies, IgG and ESR) compared with patients in the other clusters. Moreover, the

main abnormality shared between pSS and sicca patients was low frequency of UM B cells.

Accordingly, we analyzed the relationship between UM B cell frequency and several clinical

and serological parameters of disease (Figure 3A). When patients were clustered based on

these parameters there were more clinical and serological abnormalities in subjects with

lower frequencies of UM B cells irrespective of their diagnostic categorization (Figure 3A).

UM frequency is closely associated with these parameters as the UM frequency follows

clinical and immunological clustering in an almost rank order (Figure 3A, bottom).

Interestingly, some patients with objective signs of sicca, measured by sialometry and

Schrimer’s test, had low UM frequency in the absence of anti-Ro and anti-La antibodies

suggesting that low UM frequency may be an early immunological sign in pSS, preceding

development of disease-associated autoantibodies.

To further measure the significance of these observations, we analyzed the univariate

relationship between UM frequencies and corresponding clinical parameters. UM

frequencies were lower in patients (pSS and sicca) that had elevated serum IgG and ESR (p

= 0.002 and p = 0.03, respectively) (Figure 3B). Additionally, UM frequencies were lower

in the patients that were positive for objective sicca measurements, unstimulated whole

saliva flow rate and Schirmer’s test (p = 0.02) (Figure 3B). Patients were also separated

based on their autoantibody load (anti-Ro, anti-La, ANA, and RF). Patients with 3 or greater

positive autoreactivities had significantly lower UM frequencies (p =0.001) (Figure 3B).
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The Luciferase Immunoprecipitation System (LIPS) assay provides quantitative

measurement of autoantibodies with a very wide dynamic range [15]. We used this assay to

assess the association of autoantibody titers and the UM frequency on serum and saliva of

pSS patients. Even using the sensitive LIP assays, AECG+ pSS patients with the highest

UM frequencies had negative titers for anti-Ro and anti-La (Figure 3C, right). Overall, the

pSS patients with lower UM frequencies had a higher autoantibody score with more

autoreactivities and higher individual autoantibody titers (Figure 3C, left). Thus, subjects

with lower UM frequencies had the highest titers of autoantibodies of anti-Ro-60 and Ro-52

in serum (p < 0.008, p < 0.02, respectively, Fishers Test) and saliva (p < 0.008, p < 0.02,

respectively, Fishers Test). The same relationship was observed for anti-La in the serum (p <

0.005).

Phenotype of unswitched memory (UM) B cells in sicca and Sjögren’s patients

The phenotype of unswitched memory B cells was analyzed by flow cytometry to better

understand UM B cell abnormalities in pSS and sicca patients. Because IgDpos/CD27pos UM

in the peripheral blood have been proposed to represent a recirculating equivalent of spleen

marginal zone B cells (MZB) [23], the expression of MZB-associated markers was

examined (Figure 4 A). HC naïve B cells were used as a reliable phenotypic control because

of established differences with the UM compartment [23]. HC naïve B cells were CD23pos

and IgDhi compared with UM B cells, which were CD23neg and IgDlo in both HC and pSS

UM B cells (Figure 4A). HC UM B cells expressed relatively higher levels of CD21 and the

MZB cell marker CD1c compared to naïve B cells (Figure 4A). Interestingly, UM B cells

from pSS patients expressed lower levels of CD1c and CD21 when compared to UM B cells

of HCs (Figure 4 A, B) two markers with high expression in human spleen marginal zone B

cells [24] [25] and which are also expressed in the recirculating MZ-like cells of healthy

control [24]. A pattern similar to the UM of pSS was shared by UM B cells of sicca patients.

Thus, while HC UM B cells in our cohort displayed a relatively homogenous MZB–like

phenotype [24], pSS patients’ UM B cells differed from this phenotype by the lower

expression of both CD1c and CD21 (Figure 4B).

Unswitched Memory B cells express a distinctive transcriptome in patients with pSS

We have shown that memory B cell phenotypic aberrations are characteristic of pSS and at

least a subset of sicca subjects; therefore, we examined the transcriptome of the different

memory B cell populations. First, we analyzed gene expression of total CD27pos memory

and naive B cell subsets of a cohort of pSS (N=5) and sicca patients (N=5) and HCs (N=3).

Differentially expressed genes (DEG) (p<0.005, >1.5 fold) were identified between pSS and

HCs. This analysis identified 135 DEGs between pSS and HC total CD27pos memory B cells

(Supplementary file 1). In pSS patients, 69 genes had higher expression whereas 66 genes

had lower expression. The DEGs were rank ordered and the top 50, using expression levels

from pSS, sicca and HC, were displayed in a heatmap. Unsupervised hierarchal clustering of

these genes showed a separation of pSS patients from HCs, as expected, but also revealed a

subset of sicca patients (3 of 5; sicca 1, 4 and 5) with global CD27pos memory B cell gene

expression profile that segregates with pSS patients whereas the other 2 (sicca 2 and 3) had

an intermediate profile (Figure 5A). The sicca patients analyzed by gene expression were all

without a clinical diagnosis of Sjögren’s syndrome. The sicca subject with a UM frequency
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in the normal range (SS2) clustered with HC. All other sicca subjects had UM frequencies in

the lower range of normal.

Whereas the analysis of unfractionated CD27pos memory B cells provided informative

clustering of clinical groups, such population is heterogeneous as it is comprised of both UM

and SM B cells whose relative abundance may significantly differ between subjects. This

difference in proportionality of UM and SM B cells in pSS, sicca and HC (Figure 1) likely

results in the differences observed in Figure 5A. Consequently, these gene differences

reflect disproportionate cellular make-up of the heterogeneous CD27pos memory population

among pSS and HCs. Therefore, we performed gene expression analysis on sort-purified

pSS and HC SM and UM B cell subsets. Interestingly, there was no difference in gene

expression between SM B cell gene expression in pSS patients and HCs. In contrast, UM B

cell gene expression was markedly different between the two groups with 187 unique

differentially expressed DEGs (Supplementary file 2). 135 genes were down-regulated in

pSS compared to HC, whereas 52 genes were up-regulated. The 60 genes (Figure 5B) with

greater differential expression in either direction were displayed in a heatmap after

hierarchical clustering and provided a separation of pSS patients and HC with very

consistent profiles within each patient group. Overall, most differentially transcribed genes

were down regulated in pSS compared to HC (44 genes; Figure 5B, top) whereas 16 genes

were upregulated in pSS UM cells (Figure 5B, bottom). It is important to note that DEGs

were uniformed across pSS patients irrespective of different standard of care treatments.

Moreover subjects did not cluster based on treatment, nor did the treatment naive patient

cluster as an outlier.

Pathway analysis on the 187 DEGs in UM B cells revealed that the most relevant

intracellular signaling pathways in which the DEGs are known to be involved include B cell

(BCR) signaling, FcγRIIB signaling, CD27 signaling, lymphotoxin β receptor signaling, and

CD40 signaling (Figure 5C). Many of these pathways share one or more genes that were

down-regulated in pSS UM B cells, including PIK3CA, LYN, MAP3K2 (MEKK2), MAPK8

(JNK1) and NFκB2 (Figure 5C). Interestingly, all five of these genes participate in the B cell

receptor-signaling pathway. Moreover, ours is the first description of interferon signaling

genes, in UM B cells in pSS, including ISG15, OAS1, NUP54, IFITM2, KPNA4, and

TRIM25. Moreover, genes involved in the regulation of actin cytoskeleton, WRN, CFL1,

TMSB4X- which plays a role in modulating BCR responses [26, 27], were also associated

with this analysis. Overall these results show that UM B cells in pSS patients are dissimilar

from HCs not only proportionally but also at the level of gene expression on a per-subset

basis that may result in functional abnormalities.

Discussion

The significance of B cells in Sjögren’s syndrome is indicated by abnormalities in peripheral

blood B cell homeostasis [7, 9, 16, 20]. Yet, the value of these abnormalities remains to be

formally explored. Our results demonstrate that clinical and immunological parameters in

pSS associate with phenotypic and gene-expression patterns of peripheral blood memory

cells. In particular, a decrease in the relative and total numbers of UM B cells below the

mean values of HC is an almost universal feature of patients with pSS. Decreased UM B
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cells were also observed in a subgroup of patients with sicca. Moreover, the relative

frequency of UM B cells demonstrates a strong inverse association with clinical

abnormalities including the number and titer of disease-associated autoantibodies.

Combined, these results demonstrate that alterations in the UM B cells are characteristic of

Sjögren’s Syndrome and occur in a subgroup of patients with sicca symptoms in the absence

of a diagnosis of Sjögren’s. These observations based on our training set remain to be

confirmed using a longitudinal validation cohort.

When defined on the basis of IgD and CD27 co-expression, UM B cells have been variously

proposed to represent natural memory cells, innate memory cells and a recirculating

marginal zone memory cell equivalent [23]. From a functional standpoint, UM B cells

contain at least a significant portion of populations described by other groups as IL-10

producing regulatory B10 cells and B1 cells [28–31]. Of note, IL-10 mediated regulatory

functions have also been ascribed to mouse MZ B cells [29]. It is important to note that

other work has shown that at least a significant fraction of pSS patients have an increased

number of B10 cells [29], and is therefore unlikely that a deficiency in these particular

regulatory cells would account for our observations. On the other hand, the decreased

expression of CD1c and CD21 observed in pSS UM B cells suggest that the observed

phenotype could be explained at least in part by a loss of the MZ-like component of the UM

population. Interestingly, MZ-type B cells have been shown to be a part of the lymphocytic

infiltrates of the salivary glands of SS patients [32].

A similar decrease of UM B cells has been observed in other but not all autoimmune

diseases studied by different groups. Thus, decreased UM B cells appears to be a feature of

both SLE [33] and Crohn’s disease [34] and in both cases it might reflect a functional

decline in splenic function. Interestingly, in Crohn’s disease this defect and the decline in

UM B cells may be reversed by pharmacological TNF inhibition [35]. Whether similar

mechanisms, namely defective spleen function and/or excess TNF may also be at play in SS

remains to be further examined. Whatever the specific mechanism for their decline may be,

pathological consequences downstream of a defective MZ compartment could be explained

in multiple ways as this compartment can play a protective role not only through regulatory

B cells but also by compartmentalization of autoreactive B cells away from the follicular

compartment thereby minimizing their participation in GC reactions and the generation of

pathogenic autoreactive long-lived memory and plasma cells. Moreover, CD1c can be

downregulated, together with CD1d, in human MZ B cells by CD40L stimulation [36] and

CD1c downregulation can inhibit CD1d-mediated activation of NKT cells [37] a

phenomenon that has been associated with human SLE [38].

Our important observation, that UM B cell gene-expression profiling distinguished pSS

patients from healthy controls, suggests that the function of UM B cells is altered. The BCR

signaling pathway in particular contained five genes, PIK3CA, LYN, MAP3K2 (MEKK2),

MAPK8 (JNK1) and NFκB2, that had decreased expression in pSS compared to HCs.

Moreover, genes involved in the regulation of the actin cytoskeleton, WRN, CFL1, TMSB4X,

were also dysregulated in pSS. Cytoskeletal reorganization plays a role in modulating BCR

responses by providing positive and negative feed-back loops during B cell activation [26,

27]. Additionally, dysregulation of the actin-cytoskeleton can lead to alterations in B cell
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development [39]. These observations suggest that there may be defective BCR signaling in

pSS UM B cells which could have an effect on the function and homeostasis of these cells.

Moreover, multiple other pathways significantly associated with this analysis shared

decreased expression of one or more genes in pSS UM B cells, including CD40 signaling

pathway. Interestingly, patients with liver cirrhosis have reduced frequencies of

CD27pos/IgMpos B cells (UM), and the remaining UM B cells in these patient are hypo-

responsive to CD40 compared with UM from healthy controls [40]. Similar mechanisms

may be occurring in pSS, as suggested by the lower expression of genes associated with

CD40 signaling – PIK3CA, NFKB2, MAPK8.

Whereas previous studies of pSS PBMCs identified genes associated with interferon

signaling [41–43], ours is the first description of over-expression of type I IFN signaling

genes in pSS UM B cells - ISG15, OAS1, IFITM2, and TRIM25. Additionally, there was

upregulation of TRIM25 a ubiquitin E3 ligase and ISG15 E3 ligase involved in innate

immune defense by different mechanisms including the triggering the cytosolic signal

transduction that leads to the production of interferons in response to viral infection [44, 45].

The over-expression of type I IFN-regulated genes indicated by ISG15 was part of a larger

pattern of induction of genes regulated by this cytokine family including OAS1 and IFITM.

Finally, the potential impact of innate immune activation on pSS UM B cells is also

consistent with the significant upregulation found for MD1 (Ly86; Figure 5B). MD-1 is a

CD180 (RP105) co-factor capable of inhibiting the activity of the TLR4-MD2 complex

induced in response to LPS stimulation [46]. RP105/MD-1 is highly expressed in mouse MZ

B cells and most human B cells. In the mouse, TLR4 plus anti-RP105 co-stimulation

induces dramatic proliferative responses and IgM secretion by MZ B cells and is

indispensable for such type of responses [47]. Also of significant interest, RP105 is known

to promote disease progression in MRL/lpr mice through tonic B cell activation [48].

Irrespective of the precise mechanism, our observations suggest that the unswitched memory

(UM) B cell subset is involved in disease pathophysiology whether as a primary defect or as

a consequence of disease activity.

Some underlying immune mechanisms are on-going, cumulative, and persistent in

autoimmune patients before diagnosis [49, 50]. Interestingly, the phenotypic abnormalities

in sicca patients precede disease-associated autoantibodies. By evaluating the B cell subset

profiles in sicca patients, we showed B cell phenotypic and CD27pos B cell gene expression

abnormalities, characteristic of pSS patients, in a subgroup of these patients without

diagnostic classification criteria. Essentially, our results very strongly suggest that sicca

patients with a pSS B cell signature, predominated by alterations in the UM B cell

compartment, represent an intermediate state preceding clinical manifestation of pSS.

Ultimately, the validation of our findings and the assessment of their predictive value for

disease diagnosis and progression would greatly contribute to our ability to design rational B

cell targeted intervention for early treatment of pSS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. pSS patients and patients with sicca symptoms have similar B-cell phenotypic
abnormalities
CD19+ B-cells from peripheral blood mononuclear cells (PBMCs) of AECG pSS patients,

grouped non-AECG SS (filled squares) and sicca patients (open squares), and HCs were

analyzed for CD27 and IgD expression by flow cytometry. (A) Representative flow

cytometry plots showing CD27 and IgD expression of viable, single CD19+ gated

lymphocytes from the indicated subjects. Values are the percentages of CD19+ B cells for

each gated subset (indicated at left), switched memory (SM), unswitched memory (UM),
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double negative memory (DN), and naïve (N). (B) Quantitative comparison of frequencies

of canonical B cell subset, [defined in (A)] among the indicated subject groups. Values are

the percentages of CD19pos B cells for each gated subset. Statistical significance calculated

by Tukey’s post-hoc test after a one-way analysis of variance (ANOVA), *p < 0.05, ***p <

0.0005. Filled symbols are non-AECG SS and open squares within the same group are sicca

symptoms.
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Figure 2. Cluster Analysis and heatmap display of multicolor flow cytometry data
Data from 75 patient samples (columns) and the four IgD/CD27 B cell subsets (rows).

Sample group membership is indicated by the row of symbols above the heat map and below

the dendrogram. Sample clustering was performed on cell subset frequency data using

simplicial distance and average linkage. Five clusters were delineated. In the heat map, color

corresponds to logit-transformed frequency (log(f / (100 – f)) to aid in visualization of rare

and abundant subsets. Immediately beneath the heat map, the compositions of the four

subsets are shown using stacked bar graphs. Additionally, the presence of autoantibodies, as

well as IgG and ESR levels are shown where available (missing autoantibody data is

indicated by the lack of a gray or black dot; lack of IgG or ESR data indicated by red “x”).
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Figure 3. UM B cell frequency correlates with clinical hyperactivity in pSS and sicca patients
(A) Data from 53 patients (columns) for eight binary variables (rows). Blue is positive and

gray is negative. Columns and rows were clustered based on Hamming distance and average

linkage (dendrograms not shown). UM frequency (of CD19+) is shown below the heat map.

White squares with “X” indicate missing data. (B) Plots show UM frequencies of AECG

pSS (open circles) non-AECG SS (filled squares) and sicca patients (open squares) that were

separated into two groups based on the indicated clinical parameters. Statistical significance

was calculated using Mann-Whitney test. (C) Serum and saliva from AECG pSS patients

were analyzed for autoantibodies using Luciferase Immunoprecipitation Systems Assay

(LIPS). Autoantibody titers of 23 of the AECG criteria pSS were displayed as a heatmap,

where columns are patients and rows are autoantibodies measured in the indicated fluids.

Blue plus signs in the heat map indicate above-threshold values. Color scale is in millions

light units. UM frequency (of CD19+) in ascending order, left - right (bar graph), is shown

below the heat map.
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Figure 4. Unswitched memory (UM)-phenotype B cells in AECG pSS patients, sicca patients and
HCs
UM B cells (as in Figure 1A) were analyzed by flow cytometry for expression of the

indicated markers. (A) Representative flow cytometry histograms for expression of CD23,

IgD, CD24, CD1c, and CD21 of HC naïve B cells (shaded grey), HC UM B cells (black

line), and pSS UM B cells (red line). (B) Quantitative comparison of CD1c MFI and CD21

MFI among UM B cells in the indicated subject groups, pSS (n=14), sicca (n=8) and HC
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(n=14). Statistical significance calculated by Tukey’s post-hoc test after a one-way analysis

of variance (ANOVA) *p > 0.05.
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Figure 5. Gene expression and Network Analysis data for total CD27pos memory B cells and UM
B cells
Data were log-transformed and then for each gene, value is expressed as the z-score (number

of standard deviations away from the mean). Columns are patients and rows are genes.

Clustering was based on Euclidean distance and average linkage. This clustering follows

feature selection, so it is used to illustrate patterns of expression in significant genes. (A)
Top 50 most differentially expressed genes among total CD27pos memory B cells from

AECG pSS patients, sicca patients and HCs. (B) Top 60 most differentially expressed genes

among UM B cells from AECG pSS patients and HCs. (C) Ingenuity Pathways Analysis

(IPA) was used for pathway and network analysis of significantly differentially expressed

genes (DEG) in Sjögren’s Unswitched Memory (UM) B cells. Heatmap summary of the top

25 significant pathways associated with UM DEGs. The names of the pathways are

indicated at the bottom, left to right with decreasing significance, and gene names indicated

to the right of the figure. Red indicates fold increase in expression level and green indicates

fold decrease in expression level comparing pSS to HCs. Black indicates that the listed gene

does not participate in the indicated pathway.
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Table 1

Patient Characteristics

Characteristic
AECG pSS
(n=26)

Sicca
(n=27)

Age (mean±SD) 58 ± 13 55 ± 14

anti-Ro positive (%) 69 26

anti-La positive ( %) 42 11

RF positive (%) 35 11

ANA positive (%) 62 56

WBC count (mean±SD) 6 ± 3 6 ± 2

% lymphocyte (mean±SD) 26 ± 7 30 ± 9

IgG, mg/dl (mean±SD) 1353 ± 647 725 ± 668

IgM, mg/dl (mean±SD) 100 ± 55 140 ± 104

ESR mm/hr (mean±SD) 28 ± 19 19 ± 13

C3 (mean±SD) 120 ± 29 121 ± 25

C4 (mean±SD) 24 ± 9 21 ± 6

years with sicca symptoms (mean±SD) 27.5 ± 11 7 ± 6.01

NSAIDS (%) 15 11

Corticosteroids (%) 8 7

Hydroxychloroquine (%) 31 15

Methotrexate (%) 4 0

RF = rheumatoid factor; ANA = antinuclear antibody
WBC = white blood cell; ESR = erythrocyte sedimentation rate
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