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Abstract

Microengraving is a novel technology that uses an array of microfabricated subnanoliter wells to isolate and characterize
secreted proteins from larger number of single cells. This printing technique permits the capture and characterization of
secreted antibodies on glass slides. Here, we profiled the antigenic repertoires of B cells reacting against salivary gland
tissues in Sjögren’s syndrome (SjS), an autoimmune disease targeting the exocrine glands. Single-cell suspensions of spleen
and cervical lymph node cells prepared from normal C57BL/6 and SjS-susceptible (SjSs) C57BL/6.NOD-AecAec2 mice were
dispersed into subnanoliter wells (nanowells). Capture slides preincubated with mouse immunoglobulins were used for
printing. Detection antibodies included fluorescence conjugated anti-IgG1, salivary gland lysates of C57BL/6 and SjSs mice.
Results indicate an increase in the frequency of IgG1-secreting cells in the spleen of SjSs mice compared to C57BL/6 mice.
Cells from the lymph node of SjSs mice yield higher instances of IgG1 reactive against salivary gland antigens than cells from
the lymph nodes of C57BL/6 mice. These data demonstrate the isotype-specific reactivity of antibodies during the
autoimmune process, and further reveals significant differences in the non-autoimmune and autoimmune antibody
repertoires. These results support the generation of self-reactive B cell repertoires during the autoimmune process, at the
same time, verifying that microengraving of single cells might allow for identification of novel biomarkers in SjS.
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Introduction

Autoantibodies play a critical role in the pathogenesis and

classification of autoimmune diseases. Although autoantibodies

maintain particular specificity due to their antigen-binding motifs,

their effector functions remain ambiguous. Autoantibodies known

to be reactive against tissue and cell-specific antigens may or may

not be associated with a particular disease etiology [1,2]. For

instance, the presence of circulating antibodies that block the

nicotinic acetylcholine receptors at the postsynaptic neuromuscu-

lar junction is characteristic of myasthenia gravis [3], while

antibodies against the muscarinic acetylcholine receptor type III

(M3R) in Sjögren’s syndrome (SjS) are capable of impeding the

neurotransmitters from binding the receptor for proper saliva

stimulation [4]. Likewise, thyroid autoantibodies bind and

stimulate the thyroid stimulating hormone receptor (TSHR),

which causes hyperthyroidism in the autoimmune process of

Grave’s disease [5,6]. The challenge becomes apparent when

attempting to classify autoantibodies that have no discernible

pathogenicity in systemic autoimmunity. Autoantibodies identified

in systemic lupus erythematosus (SLE) patients react against

cardiolipin, fibronectin, golgin, histone H2A-H2B-DNA, and Ku-

DNA-protein, however none have shown a clear etiological

mechanism [7].

Whether it is an autoantibody-specific or autoantibody non-

specific autoimmune diseases, one of the challenges is the

sensitivity and feasibility of assays or techniques being used to

enumerate such autoantibodies and the corresponding B cells. The

standard laboratory methods for detection of these autoantibodies

rely on many conventional techniques such as radial immunodif-

fusion assay (RID) or immunoprecipitation (IP). Recent advances

in enzyme-linked immunosorbent assay (ELISA) or Luminex-

based assays that use color-coded beads or microspheres

conjugated with antigen of interest increases the efficiency of

these assays by emphasizing high-throughput analyses for multiple

antigens simultaneously. Two critical drawbacks of these methods

are their lack of sensitivity and the need to use large quantities of

serum extracted from patients to quantify detectable levels.

Furthermore, the precise source of B cells producing these

antibodies requires labor-intensive methodologies such as cloning

or production of hybridomas. As a result, only the most prevalent

antibodies can be measured. To circumvent these shortcomings,

the application of microengraving appears to be beneficial [8].

Microengraving is a soft lithographic technique that uses a dense
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array of nanowells to print (identify) corresponding products

secreted by individual cells confined in a subnanoliter well

(nanowell) [8,9]. A typical array comprises of 84,672 nanowells,

each with a 50 mm650 mm650 mm dimension. Approximately

a third to a half of the wells in the array contain one cell when

plated with 500,000 cells in 300 ml volume [9]. As a result, ,
40,000 single cells can be analyzed at a time. In addition, single-

cell resolution facilitates the measurement of antibodies secretion

directly from the producing B cells at concentrations ranging from

0.1–1 mM [8,9,10].

Sjögren’s syndrome (SjS) is a human autoimmune disease

characterized by loss of exocrine function as a result of chronic

immune responses directed primarily against the salivary and

lacrimal glands leading to xerostomia and xerophthalmia [11,12].

SjS is a B cell-mediated autoimmune disease in which B cells and

autoantibodies are suggested to play an important role in the

exocrine glandular dysfunction [11,13,14]. Hyperproliferation and

hyperactivity of autoreactive B cells frequently result in severe

hypergammaglobulinemia in animal models and human patients

with SjS [11,15]. Furthermore, SjS patients, as well as animal

models, develop specific autoantibodies against nuclear antigens,

intracellular components, membrane proteins, and secreted

products of exocrine tissues [16,17,18]. Between 40 and 70% of

SjS patients’ sera contain autoantibodies that are reactive to SS-

A/Ro and/or SS-B/La antigens [19,20]. These two anti-nuclear

autoantibodies (ANAs) are now used as diagnostic markers of SjS

despite having an unknown role in the pathogenesis [21,22,23]. In

contrast, recent studies have focused on anti-M3R autoantibodies,

since preliminary data suggest that anti-M3R autoantibodies may

be an important effector of glandular dysfunction by blocking

parasympathetic neural transmission and internalization of re-

ceptor that desensitizes acinar cells to normal neural stimulations

[4,24].

The present study explores the isotype-specific autoantibody

repertoires against salivary gland antigens by individual B cell

isolated from SjS mice using microengraving. In addition, the

study examines the reactive isotype-specific repertoires of B cells

present in the secondary lymphoid organs specifically the spleen

and cervical lymph nodes. Results indicated that there are

significant numbers of IgG1-positive spleen cells of SjS mice

compared to normal mice. Cells from the lymph nodes of SjS mice

produce higher numbers of IgG1 autoantibodies reactive against

self-antigens of the salivary glands compared to lymph nodes cells

of normal mice. These data suggest that microengraving can be

used to profile regional variations in the autoantibody repertoires

and explore novel biomarkers in the disease.

Materials and Methods

Animals
C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice were bred and

maintained under specific pathogen free conditions in the animal

facility of Animal Care Services (ACS) at the University of Florida

(Gainesville, FL, USA). Development of the C57BL/6.NOD-

Aec1Aec2 mouse and its SjS-like disease phenotype are described

elsewhere [25]. Briefly, the C57BL/6.NOD-Aec1Aec2 mouse was

developed by introducing two genetic regions, one on chromo-

some 1 (designated Aec2) and the second on chromosome 3

(designated Aec1) derived from the NOD/LtJ mouse, into the SjS-

non-susceptible C57BL/6J mouse. All animals were maintained

on a 12 hr light-dark schedule and provided food and acidified

water ad libitum. At times indicated in the article, mice were

euthanized by cervical dislocation after deep anesthetization with

isoflurane and their tissues freshly harvested for analyses. All

experiments and analyses described in this article were performed

using both male and female C57BL/6 (n= 4) and C57BL/

6.NOD-Aec1Aec2 (n = 4) mice, ranging from 20 to 24 weeks (wks)

of age. The breeding and the use of animals as described in this

study were approved by the University of Florida’s Institutional

Animal Care.

Isolation and Labeling of Salivary Glands Tissue Lysate
Salivary glands (SG) freshly explanted from C57BL/6.NOD-

Aec1Aec2 or C57BL/6J mice were lysed with Nonidet-P40 (NP40)

buffer (150 mM sodium chloride, 1.0% NP-40, pH 8.0 50 mM

Tris). Protein concentrations were determined by Bradford protein

assay. To serve as fluorescent detection conjugates, SG proteins of

C57BL/6.NOD-Aec1Aec2 or C57BL/6J mice were labeled with

Alexa Fluor 594 and Alexa Fluor 555, respectively according to

manufacturer’s instructions (Thermo Scientific). In brief, 100 mg
of proteins were incubated with Alexa Fluor dyes in presence of

borate buffer for 3 hours (hrs) in the dark. Labeled proteins were

mixed with suspended resin and loaded into a filter column.

Following by a quick centrifugation, the final elute was collected

and stored at 280uC for future use.

Fabrication of Nanowells
Sylgard 184 silicone elastomer base (polydimethyl-siloxane,

PDMS) and curing agent with 10:1 weight ratio was combined and

mixed vigorously. The mixture was degassed under vacuum for

2 hrs and poured into a custom-built aluminum mold containing

silicon wafer with patterned arrays of posts (SU.8). The mixture

was set to cure for 2 hrs at 80uC and adhered directly to a 30610 in

glass slide. The pattern on the master was transferred to the cured

PDMS in bas-relief. In this experiment, a master was used that

contained blocks of 767 nanowells, 464 blocks and 6 columns618

rows with dimensions of 50 mm650 mm650 mm for a total of

84,672 nanowells per array [8].

Preparation of Glass Slides for Microengraving
Microscopic glass slides (30610) (Corning) were precleaned with

2.5 M NaOH in 57% ethanol for 2 hrs at room temperature (RT).

Slides were rinsed with ultra pure water, followed by submerged in

poly-L-lysine with gentle agitation for 30 min at RT. Poly-L-

lysine-treated slides were dried by centrifugation at 500 rpm until

dry. To ensure complete dryness, slides were placed in a vacuum

oven for 5 min at 80uC.
Slides were stored for at least 14 days before coating with

capture antibodies.

Preparation and Imaging of Loaded Cells in Arrays of
Nanowells
Spleens and cervical lymph nodes were freshly explanted, gently

minced through stainless steel sieves, suspended in phosphate

buffered saline (PBS) and centrifuged (1200 rpm for 5 minutes).

Erythrocytes in spleens were lysed by 7 minute incubation in

0.84% NH4Cl. The resulting leukocyte suspensions were washed

two times in PBS, counted and resuspended in culture media

(RPMI 1640 medium, 10% FBS, 2 mM L-glutamine, 0.05 mM b-
mercaptoethanol) at a density of 16106 cells/ml. A suspension of

16106 cells in 100 ml of culture media was stained with anti-

CD19-Alexa Fluor 488, anti-CD4-Cy7 (Biolegend), and Calcein

violet for live cell marker (Invitrogen). Stained cells were washed

and suspended in 1 ml of media. 300 ml of solution containing

500,000 cells were loaded into an array of 50-mm nanowells. The

cells were allowed to settle via gravity for 5 min. Excessive cells

were rinsed off with media and a Lifterslip cover was placed on top

Single-Cell Analysis in Sjogren’s Syndrome
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to prevent evaporation from the nanowells. The arrays were

imaged using an automated epifluorescence microscope equipped

with a motorized stage and phase contrast, 405 nm, 488 nm and

647 nm wavelength filter sets.

Microengraving
The array of nanowells was submerged in media to be rewetted

after imaging. The array was gently placed in a chamber base of

hybridization chamber (Agilent) and excess liquid was suctioned

off using a glass pipette. The face of each treated dry glass slide as

described previously [8] containing immunoglobulins (100 mg/ml

goat anti-mouse IgG (H/L) (Zymed) and 100 mg/ml goat anti-

mouse Ig (H/L) (Southern Biotechnology)) was placed on top of

the array placed inside the chamber base. The assembly was

secured by a finger-tightening screw and incubated at 37uC for

2 hrs. After incubation, the glass slide was carefully removed from

the array and immediately placed in PBS. The nanowell array was

quickly immersed in warm media for subsequent analysis if

necessary.

Analysis of Printed Microarrays
After microengraving, the glass slides were processed using

Tecan HS Pro Hybridization system, as follows: 15 min hybrid-

ization with 3% nonfat milk in PBST (PBS with 0.5% Tween 20),

washed twice with 1 min each, incubate for 45 min with IgG1-

Alexa Fluor 488, B6 SG lysate labeled with Alexa Fluor 594 and

Aec1Aec2 SG lysate labeled with Alexa Fluor 555 detection

antibodies. The slide was vacuum dried and scanned using

a Genepix 4200AL microarray scanner (Molecular Devices) with

specific gain and power to maintain consistency among all the

subsequent slides.

Data Processing
Microarray micrographs and microscope images were processed

to identify nanowells containing single cells with corresponding

secretion of IgG1 antibody against SG proteins. In brief, Genepix

Pro-6.1 software (Molecular Devices) was used to locate positive

features on the scanned images of printed microarray using

a custom GenePix Array List (GAL) designated with feature-

indicators. Once all the features were found, each position in the

array was analyzed to extract the mean-fluorescent intensities

(MFI) for each channel corresponding to immunoglobulin. The

data were extracted based on specific criteria for each channel.

Initial screening included elimination of signal from cell debris,

which is saturated; therefore percent of saturation (% sat) was

selected with fluorescent (F) channel median vs. F channel %

saturation of less than 2. Signal to noise ratio (SNR) of each

channel was selected to be $1. This criterion ensures that signal is

at least one standard deviation (STD) above the local background

(B) intensity, increasing the likelihood that a true positive signal is

chosen. A higher SNR is also suitable for eliminating false

positives, but it can increase false negatives. To ensure that only

data from wells with uniform signal were examined, %.Bchannel

+2SD is selected at 50% or better with 100% being the best, set at

50%, anything below 50 was discarded. Similar to SNR,

%.Bchannel +2SD $50% is equivalent to selecting for spots

with SNR$2. Coefficient of variation (CV) or signal uniformity is

empirically set up at 100 to select uniform signals. Lastly, to

compensate for any bleed through or possible cross-reactivity of

the detection species, ratio of medians was applied. The channel of

interest (i.e. 635) was positioned in the denominator and

comparative channel (i.e. 555) was positioned in the numerator.

Data point was set from 0.3–0.5. A value of 0.5 indicates the signal

from the primary channel is at least twice a large as from the

comparative channel. In this study, the ratio of medians was set at

0.3.

Analysis of the images of the cells recorded by the automated

epifluoresence microscopy were inspected by using a custom

software program to determine the number of cells present in each

well and the MFI in each of the fluorescent channels. These data

were matched with the corresponding antibodies detected by

microengraving according to the unique location identification of

each nanowell. This combined dataset was then filtered for

analysis to include only wells occupied with single live cells.

Statistical Analysis
Statistical evaluation was determined by using unpaired t test

generated by the GraphPad InStat software (GraphPad Software

Inc). The two-tailed p value ,0.05 was considered significant.

Results

Microengraving
Antibodies against Ro and La antigens are found in 60–90%

and 30–60% of patients with primary SjS, respectively. However,

patients with systemic lupus erythematosus (SLE) develop similar

autoantibodies with lower frequencies (anti-Ro: 30–40% and anti-

La: 10–15%) [19]. Anti-Ro and anti-La are being used as

serological diagnostic biomarkers, however they provide neither

specificity for the disease nor any clear etiology to the autoimmune

process. One of the rationales for the complication is the

laboratory test used to measure the levels of the antibodies. The

primary serological test is ELISA, which favors the detection of

only the most abundant antibodies. Furthermore, ELISA uses

patients’ sera, which can degrade over time due to the nature of

the antibodies and storage conditions. To circumvent these

challenges and to further evaluate the source of the antibodies

with multi-parametric analysis such as cell types, antibody isotypes

and antigen specificity, the use of microengraving was tested. In

the current study, lymphocytes from spleens or cervical lymph

nodes isolated from normal C57BL/6 and SjSS C57BL/6.NOD-

Aec1Aec2 mice were labeled with Calcein violet to mark live cells,

CD19-FITC for B cells and CD4-Cy7 for mostly T cells. The

labeled cells were dispersed and settled by gravity into the

nanowells. The array of nanowells was imaged by automated high-

speed epifluorescence microscopy to precisely locate specific

nanowells with individual cells. Capture slides containing pan

immunoglobulins (Ig) were used to hybridize the arrays containing

cells [26]. Pan Ig enables the capture of most, if not all, the Ig

isotypes secreted by B cells. To identify specific captured Ig,

detection reagents including anti-IgG1-Alexa Fluor 488, C57BL/6

salivary glands lysate labeled with Alexa Fluor 594 and C57BL/

6.NOD-Aec1Aec2 salivary glands lysate labeled with Alexa Fluor

555 were used to determine the antigen specificity of B cells

isolated from normal C57BL/6 and SjSs C57BL/6.NOD-Aec1Aec2

mice (Figure 1). The integrated data indicate whether secreted

IgG1 antibodies bind to C57BL/6 or C57BL/6.NOD-Aec1Aec2

salivary gland proteins. In addition, features on the live cells in the

nanowells can provide critical information on the individual cell

type being examined.

The application of microengraving to splenocytes of C57BL/6

or C57BL/6.NOD-Aec1Aec2 mice (Figure 2) show a quantitative

difference between binding of antigens from salivary glands of

C57BL/6 or C57BL/6.NOD-Aec1Aec2 mice. Live cells were

visualized to confine in the nanowells of arrays with specific

surface markers (CD19 B cells and CD4 T cells). The correspond-

ing microarrays produced by microengraving show distinct signals

for IgG1 antibody, as well as C57BL/6 or C57BL/6.NOD-

Single-Cell Analysis in Sjogren’s Syndrome
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Aec1Aec2 salivary gland antigens. Representative examples of the

data indicated by the arrowheads show that individual cells are

positive for secreted IgG1 against C57BL/6.NOD-Aec1Aec2

salivary gland proteins, but not C57BL/6 salivary gland proteins

from splenocytes of either C57BL/6 or C57BL/6.NOD-Aec1Aec2

mice (Figures 2A & 2B). Similar representative results were

observed from cells isolated from the cervical lymph nodes of

C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice (Figure 3). In-

terestingly, as indicated by the arrowheads, the cells are positive

for IgG1 isotype against both C57BL/6 and C57BL/6.NOD-

Aec1Aec2 salivary gland proteins. These results indicate the

versatility of using microengraving to profile the reactivity of

individual B cells against targeted antigens of normal and

autoimmune hosts. In addition, multi-parametric analysis can be

Figure 1. Illustration of microengraving. Arrays of nanowells with dimensions of 50 mm650 mm650 mm were used for microengraving. Spleen
or cervical lymph nodes cells were loaded in the nanowells. Cells in the nanowells were imaged using an automated epifluorescence microscope.
Micrograving is performed by hybridizing nanowells with capture slides containing anti-mouse Ig for 2 hrs at 37uC with 5% CO2. After incubation,
nanowells containing intact live cells and capture slides were separated. A mixture of antibodies containing IgG1-Alexa Fluor 488, B6 SG lysate-Alexa
Fluor 594 and Aec1Aec2 SG lysate-Alexa Fluor 555 were added to the capture slides. Micrographs of microarrays were generating by scanning using
a Genepix 4200AL microarray scanner.
doi:10.1371/journal.pone.0058127.g001
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achieved using microengraving to identify the individual types of

cells, the isotypes of the antibodies, and the specificity for antigens

in the glands.

Frequency of IgG1 Isotype in the Spleens and Cervical
Lymph Nodes
IgG1 is the most abundant immunoglobulin found in the

periphery. Previous results have shown that the levels of IgG1are

highly elevated and predominantly expressed in SjS mouse

models, specifically NOD and C57BL/6.NOD-Aec1Aec2 mice

compared to normal C57BL/6 mice (561.764.6 versus

347.765.4, respectively) [27]. The significantly high levels of

IgG1 relative to with other isotypes contribute to the hypergam-

maglobulinemia commonly observed in SjS. Furthermore, our

previous studies have shown that IgG1-isotypic autoantibodies

against M3R were necessary and sufficient to block the receptor,

resulting in the shutdown of saliva secretion, in contrast IgG2a-,

IgG2b-, IgG3-, IgM-, and IgA-isotypic autoantibodies failed to

elicit any direct effect on salivary function [4,27,28]. To identify

IgG1-positive B cells and compare the frequency of these cells

between C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice, nanowells

containing only a single B cell were used for analysis. Splenocytes

of C57BL/6.NOD-Aec1Aec2 mice showed significantly higher

numbers of IgG1-positive B cells (3.2960.02) compared to

splenocytes of C57BL/6 mice (1.4660.07) (Figure 4), while

cervical lymph nodes of both C57BL/6 and C57BL/6.NOD-

Aec1Aec2 mice had similar numbers of IgG1-positive B cells

(1.8660.02 and 1.7460.01, respectively) (Figure 4). These results
indicate that microengraving provides a highly efficient means to

screen individual cells for a specific phenotype and/or function,

even differentiating cell characteristics between normal and

diseased individuals, such as non-SjSs and SjSs mice.

Determination of IgG1-specific Antibodies against
Salivary Gland Antigens
Analyses using microengraving can simultaneously identify each

well containing single cells that produce a specific product, e.g.,

IgG1 antibody, and whether that product may differentiate

between a normal and diseased state. We performed a direct

comparison of IgG1-producing splenic B cells from C57BL/6 or

C57BL/6.NOD-Aec1Aec2 mice to determine if their IgG anti-

bodies were reactive with salivary gland proteins. No differences

were observed here (Figure 5). In a similar comparison of IgG1-

producing B cells from lymph nodes, a significantly higher

frequency of cells secreting IgG1 antibodies from SjSs C57BL/

6.NOD-Aec1Aec2 mice were reactive against their own salivary

gland proteins than those from C57BL/6 lymph nodes (1.4960.03

versus 0.9260.22, respectively, p,0.05). Although not statistically

significant, lymph nodes cells of C57BL/6.NOD-Aec1Aec2 mice

appeared to also recognize more C57BL/6 salivary gland proteins

(0.7560.36 versus 0.3060.14, respectively). Therefore, there is an

intrinsic higher frequency of cells isolated from cervical lymph

Figure 2. Characterization splenocytes from C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice using microengraving. A. Representative
micrographs of live C57BL/6 splenocytes (n = 4) in nanowells labeled with Calcein (live cells), CD19-FITC and CD4-Cy7. Micrographs of matching
microarray by microengraving showing detection signals for IgG1-Alexa Fluor 488, C57BL/6 (B6) salivary glands proteins labeled with Alexa Fluor 594
and C57BL/6.NOD-Aec1Aec2 (SjS) salivary glands proteins labeled with Alexa Fluor 555. The last vertical panel illustrates the close-up features pointed
by the arrows (Live cell: CD19FITC, IgG1: IgG1-488 signal, B6 gland: signal of antibody binding to salivary gland proteins isolated from B6 mice. SjS
gland: signal of antibody binding to salivary proteins isolated from SjS mice. B. Representative micrographs of live C57BL/6.NOD-Aec1Aec2
splenocytes (n = 4) in nanowells labeled with Calcein (live cells), CD19-FITC and CD4-Cy7. Micrographs of matching microarray showing detection
signals for IgG1-Alexa Fluor 488, B6 salivary glands proteins labeled with Alexa Fluor 594 and SjS salivary glands proteins labeled with Alexa Fluor 555.
The last vertical panel illustrates the close-up features pointed by the arrows (Live cell: CD19FITC, IgG1: IgG1-488 signal, B6 gland: signal of antibody
binding to salivary gland proteins isolated from B6 mice. SjS gland: signal of antibody binding to salivary proteins isolated from SjS mice. All
experiments were repeated at least twice for consistency.
doi:10.1371/journal.pone.0058127.g002
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nodes of C57BL/6.NOD-Aec1Aec2 mice that expressed IgG1

antibody reactive against their own salivary gland proteins relative

to normal mice.

Discussion

In the present study, we applied unconventional tools for single-

cell analysis to identify individual IgG1-secreting B cells and

enumerate the frequency of B cells secreting antibodies recogniz-

ing targeted self-salivary gland antigens in an animal model

susceptible to the autoimmune disease (SjS). Results indicated that

there are significant numbers of IgG1-positive spleen cells of SjS

mice compared to normal C57BL/6 mice, however no difference

in IgG1-positive cells was observed in the cervical lymph nodes.

Interestingly, cells from the lymph nodes of C57BL/6.NOD-

Aec1Aec2 mice produce higher numbers of IgG1 autoantibodies

reactive against self-antigens of the salivary glands compared to

lymph nodes cells of C57BL/6 mice. No significant difference was

observed among the fractions of B cells from the spleens of

C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice reactive against self-

antigens of the salivary glands. These data demonstrate that using

arrays of nanowells and microengraving, secondary lymphoid

organs such as spleen and cervical lymph nodes exhibited different

self-reactive activities. More importantly, this animal model of SjS

expressed higher isotype-specific and self-reactive or possibly

autoimmune B cell repertoires, specifically IgG1 reactivity against

salivary glands self-antigens than normal or non-autoimmune

mice.

The humoral immune response is a complex process. The

immune system is evolved by sustaining normal repertoires of

autoantibodies functioning to maintain the immunological ho-

meostasis [29,30,31]. These normal repertoires appear to not elicit

any biological pathogenicity in a healthy or non-autoimmune

background. In the general population, there are significant levels

of autoantibodies present in sera of individuals, establishing

a serological baseline for autoimmune prevalence. A recent study

by Satoh et al. [32] using a cross-sectional analysis of 4754

individuals in the US revealed an ANA prevalence in 13.8% of US

population ages 12 years and above. As anticipated, women had

higher ANA prevalences than men (17.8% versus 9.6%) peaking at

40–49 years of age. Similar observations can also be found in the

Japanese population, in which 26.0% of 2181 individual found to

be positive for ANA with sera diluted at 1:40 and 9.5% with sera

dilution at 1:160 with females exhibited higher prevalence in males

Figure 3. Characterization of cells from the cervical lymph nodes of C57BL/6 and C57BL/6.NOD-Aec1Aec2 mice using
microengraving. A. Representative micrographs of live cells from C57BL/6 cervical lymph nodes (n = 4) in nanowells labeled with Calcein (live
cells), CD19-FITC and CD4-Cy7. Micrographs of matching microarray showing detection signals for IgG1-Alexa Fluor 488, C57BL/6 (B6) salivary glands
proteins labeled with Alexa Fluor 594 and C57BL/6.NOD-Aec1Aec2 (SjS) salivary glands proteins labeled with Alexa Fluor 555. The last vertical panel
illustrates the close-up features (arrows) (Live cell: CD19FITC, IgG1: IgG1-488 signal, B6 gland: signal of antibody binding to salivary gland proteins
isolated from B6 mice. SjS gland: signal of antibody binding to salivary proteins isolated from SjS mice. B. Representative micrographs of live cells
from C57BL/6.NOD-Aec1Aec2 cervical lymph nodes (n = 4) in nanowells labeled with Calcein (live cells), CD19-FITC and CD4-Cy7. Micrographs of
matching microarray showing detection signals for IgG1-Alexa Fluor 488, B6 salivary glands proteins labeled with Alexa Fluor 594 and SjS salivary
glands proteins labeled with Alexa Fluor 555. The last vertical panel illustrates the close-up features pointed by the arrows (Live cell: CD19FITC, IgG1:
IgG1-488 signal, B6 gland: signal of antibody binding to salivary gland proteins isolated from B6 mice. SjS gland: signal of antibody binding to salivary
proteins isolated from SjS mice. All experiments were repeated at least twice for consistency.
doi:10.1371/journal.pone.0058127.g003
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[33]. At the time of these studies, none of the participants were

clinically diagnosed with any autoimmune diseases. Such associa-

tions clearly demonstrate a naturally occurring repertoire of

autoantibodies among the general population that does not

associate or contribute to a particular autoimmune disease. These

studies support our result that normal C57BL/6 mice have B cells

in spleens and cervical lymph nodes that produce antibodies

specific for antigens expressed in their salivary glands (Figure 5),
but they do not present any detectable signs of autoimmunity.

Interestingly, SjS mice appeared to show higher prevalence of B

cells producing autoreactive antibodies in cervical lymph nodes

cells but not splenocytes. Salivary glands and cervical lymph nodes

are juxtaposed in the anterior vertebrate columns of the neck.

Their interstitial connection has the potential to facilitate the

migration of lymphocytes between the two organs. It remains

elusive whether the autoreactive immune cells of the cervical

lymph nodes or other organs contribute to sialadenitis. Based on

the close proximity of the salivary glands to the cervical lymph

nodes, it is likely that the lymphocytic infiltration might originate

from the cervical lymph nodes.

This article is the first study that demonstrates B cells from

cervical lymph nodes produce antibodies reactive against antigens

of the salivary glands. It also suggests a potential evolution and

influx of autoimmune cells from the regional salivary glands is

important for tissue destruction. Further studies are underway to

examine the clonal diversity of lymphocytes infiltrating the salivary

glands, and which clonotypes are shared by the salivary glands and

cervical lymph nodes.

Microengraving provides sensitivity at a single-cell resolution

and multi-parametric analysis with high-throughput potential,

essentially defining multiple factors contributing to the disease

process. Our previous studies have shown that IgG1 antibody is

directly involved in the secretory dysfunction of salivary glands

[4,28]. Using the NOD.B10-H2b.C-Stat62/2 and NOD.B10-

H2b.C-Il42/2 mice, which fail to make IgG1 isotype antibody,

we have determined that IgG1-isotypic autoantibodies against

M3R were necessary and sufficient to block the receptor, resulting

in the shutdown of saliva secretion [27,28]. Both of these mouse

lines have normal titers of IgG2a, IgG2b, IgG3, IgM, and IgA, yet

failed to elicit any direct effect on salivary function. Our result has

demonstrated that there is binding of antibodies to from the

antigens of SjS gland, which lacks IgG1 signal. The data supports

the observation that other isotypes might be reactive against

antigens from the SjS gland, but their immuno-pathogenesis

remains to be determined.

The current study establishes a strong foundation for how the

application of microengraving can advance future studies to

quantify and characterize unique IgG isotypes and autoantigens in

autoimmune diseases for which autoantibodies play an important

role in pathogenesis.
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