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Vimentin Is a Dominant Target of In Situ Humoral Immunity
in Human Lupus Tubulointerstitial Nephritis
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Objective. In lupus nephritis (LN), severe tubulo-
interstitial inflammation (TII) predicts progression to
renal failure. Severe TII is associated with tertiary
lymphoid neogenesis and in situ antigen-driven clonal B
cell selection. The autoantigen(s) driving in situ B cell
selection in TII are not known. This study was under-
taken to identify the dominant driving autoantigen(s).

Methods. Single CD38+ or Ki-67+ B cells were
laser captured from 7 biopsy specimens that were
diagnostic for LN. Eighteen clonally expanded immuno-
globulin heavy- and light-chain variable region pairs
were cloned and expressed as monoclonal antibodies.
Seven more antibodies were cloned from flow-sorted
CD38+ cells from an eighth biopsy specimen. Antigen
characterization was performed using a combination of
confocal microscopy, enzyme-linked immunosorbent as-
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say, screening protoarrays, immunoprecipitation, and
mass spectrometry. Serum IgG titers to the dominant
antigen in 48 LN and 35 non-nephritic lupus samples
were determined using purified antigen-coated arrays.
Autoantigen expression on normal and LN kidney was
localized by immunohistochemistry and immunofluo-
rescence.

Results. Eleven of 25 antibodies reacted with
cytoplasmic structures, 4 reacted with nuclei, and none
reacted with double-stranded DNA. Vimentin was the
only autoantigen identified by both mass spectrometry
and protoarray. Ten of the 11 anticytoplasmic TII
antibodies directly bound vimentin. Vimentin was
highly expressed by tubulointerstitial inflammatory
cells, and the TII antibodies tested preferentially bound
inflamed tubulointerstitium. Finally, high titers of se-
rum antivimentin antibodies were associated with se-
vere TII (P = 0.0001).

Conclusion. Vimentin, an antigenic feature of
inflammation, is a dominant autoantigen targeted in
situ in LN TII. This adaptive autoimmune response
likely feeds forward to worsen TII and renal damage.

Systemic lupus erythematosus (SLE) is the arche-
typical systemic autoimmune disease, in which a break in
both B and T cell tolerance enables pathogenic adaptive
immunity to ubiquitous nuclear self antigens (1). In this
model, antibodies and lymphocytes disseminate from
secondary lymphoid organs to cause damage in end
organs including the kidneys, lungs, skin, gastrointestinal
tract, brain, and heart (2). Renal inflammation is a
common, severe manifestation of SLE (3,4) that is often
resistant to treatment with cytotoxic therapies (5). Up to
50% of SLE patients develop nephritis, which, in up to
50% of those affected, progresses to renal failure within
5 years (6,7).
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The principal lesion within the kidney that is
associated with systemic autoimmunity is glomerulone-
phritis (GN). GN is associated with serum anti-double-
stranded DNA (anti-dsDNA) antibodies that often
deposit in glomeruli (8,9). In animal models, some
anti-dsDNA antibodies can induce GN (10,11).

In human lupus nephritis (LN), tubulointerstitial
inflammation (TII) is also common. Severity of TII on
renal biopsy, rather than severity of GN, predicts pro-
gression to renal failure (6,7,12). Furthermore, unlike
GN, severe TII is associated with in situ adaptive
immunity. Tertiary lymphoid organ-like structures, in-
cluding T:B cell aggregates, plasmablast foci, and germi-
nal centers (GCs), are common in severe TII (13,14). In
situ antigen-driven selection of B cells occurs in each of
these structures. Thus, human LN appears to arise from
both systemic and in situ autoimmune responses, with
the latter more closely associated with a poor prognosis
(6,7,12).

The antigens driving in situ adaptive immunity in
LN are not known. Therefore, in the present study we
characterized a panel of in situ—selected IgGs from renal
biopsy specimens. Vimentin, an antigen induced in TII,
was the most commonly targeted autoantigen. Further-
more, high serum titers of antivimentin antibodies
(AVAs) were restricted to patients with severe TIL
These findings suggest that AVAs might be a useful
biomarker of an in situ adaptive immune mechanism
associated with severe TIIL.

MATERIALS AND METHODS

Patient samples. Patients at the University of Chicago
and The Ohio State University who met the American College
of Rheumatology 1982 revised criteria for SLE (15) were
retrospectively selected. All patients provided informed con-
sent, and the study was approved by the relevant institutional
review boards.

Monoclonal antibody generation. Briefly, frozen bi-
opsy specimens (13) were sectioned (7 pm), adhered to
microscope slides, fixed in acetone (10 minutes, —20°C),
washed with ice-cold phosphate buffered saline (PBS), and
blocked with 10% donkey serum (Jackson ImmunoResearch).
Sections were stained with anti-CD38 antibodies (2 ug/ml;
Dako) or anti-Ki-67 antibodies (2 wg/ml; Thermo Scientific)
conjugated with fluorescein isothiocyanate (FITC; Life Tech-
nologies) in PBS/5% donkey serum. Positively stained single
cells were captured using an Arcturus Pixcell II and Capsure
HS LCM caps (both from Molecular Devices) with an infrared
laser (810 wm) spot diameter of 7.5 wm, 70 mW pulse power,
5 msec pulse duration, and 170 mW voltage (13). Caps were
extracted as described previously (13).

One biopsy sample was digested for 30 minutes at 37°C
in 5 ml digestion buffer (2 ug/ml collagenase B, 0.2 ug/ml

KINLOCH ET AL

DNase I, 1% bovine serum albumin [BSA], 25 mM NaHCO;,
10 mM HEPES in Hanks’ balanced salt solution), passed
through a 200-um nylon cell strainer, and resuspended in
fluorescence-activated cell sorting (FACS) buffer. Single
CD19+CD38+ cells were sorted into 96 well plates containing
lysis buffer. Messenger RNA was reverse transcribed (16), and
Vi (IgG) and V{ (k and X) regions were polymerase chain
reaction—amplified and cloned into TOPO vectors (Life Tech-
nologies), sequenced, and analyzed (13,17). Paired V{; and V_
sequences were subcloned into their respective IgG1 heavy, A,
or k expression vectors, and human IgG1 monoclonal anti-
bodies (mAb) were produced (16).

Confocal microscopy. In initial experiments, anti-
nuclear antibody (ANA) staining patterns of TII mAb were
visualized using an indirect immunofluorescence kit (Inova
diagnostics). For subsequent studies, HEp-2 cells were fixed in
methanol (18) and incubated with mAb (50 wg/ml), followed
by Alexa Fluor 488—conjugated goat anti-human IgG (2 ug/ml)
and Hoechst 33342 (both from Life Technologies). Selected
slides were sequentially stained with anti-vimentin V9 (2
pg/ml; Dako) or antigiantin (1 ug/ml; Abcam) followed by
Alexa Fluor 568—conjugated donkey anti-mouse antibodies (2
pg/ml; Molecular Probes). Samples were imaged using a Leica
SP5 II Sted-CW laser scanning confocal microscope.

Protein purification and identification. Cells were
lysed on ice in radioimmunoprecipitation assay buffer (5 X 10°
cells/0.5 ml). Clarified lysates were precleared with protein
G-agarose (Pierce) and then incubated with mAb mixtures
(200 pg total prebound to protein G-agarose) overnight at
4°C. Following washing in ice-cold immunoprecipitation wash
buffer (25 mM Tris, 150 mM NaCl [pH 7.2]), immunoprecipi-
tations were resolved by reducing sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) (4-12% Bis-
Tris; Life Technologies). Gels were stained with Instant Blue
(Expedeon) and gel tranches (T1-4) excised. Tranches were
reduced, alkylated, and trypsinized, for high-performance lig-
uid chromatography—-tandem mass spectrometry (MS/MS)
(19). Scaffold (version 4.0.4; Proteome Software) was used to
validate MS/MS-based peptide and protein identifications.
Peptide identifications were accepted at >99.0% probability to
achieve a false discovery rate of <1.0% (20), and protein
identifications were accepted at >93.0% probability to achieve
a false discovery rate of <1.0% (Protein Prophet) (21).

Protoarrays. Human protoarrays (Life Technologies)
were blocked with PBS/2% BSA, rinsed with 0.05% PBS-
Tween 20, and then incubated with 25 pg/ml mAb in PBS/2%
BSA. Bound antibody was detected with Cy5-conjugated goat
anti-human IgG (0.5 ug/ml; Jackson ImmunoResearch) and
counterstained with rabbit anti-GST (Millipore) followed
by Cy3-conjugated goat anti-rabbit IgG (0.5 pg/ml; Jackson
ImmunoResearch). Antigen signals (mean fluorescence inten-
sity [MFI]) were quantified using a GenePix 4000B microarray
scanner and GenePix Pro 6.0 software (Molecular Devices).

Using raw values for the MFI of each probe spot for
Cy5 (F635) and Cy3 (F532), and of the probe background for
Cy5 (B635) and Cy3 (B532), initial probe intensities were
computed as (F635/B635)/(F532/B532). Raw probe intensities
were normalized to internal controls and linearly scaled to a
median control probe intensity of 1.0. Each array was scanned
at 2 photomultiplier tube (PMT) voltages, 500 and 600. At
PMT 500, we assessed the ratio and the difference between
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antibody and control intensities, i.e., RS00 = A500/C500 and
D500 = A500 — C500, respectively (A = antibody, C =
control); the same was done for PMT 600. The overall probe
reactivity was then computed as the harmonic mean, ie.,
4/([1/R500] + [1/R600] + [1/D500] + [1/D600]).

Vimentin microarrays. Bovine vimentin (100 wg/ml
in 0.4M HCI; Sigma) was diluted 1:1 with printing buffer
(Arraylt) and spotted (20 features/block, 24 blocks/slide)
onto SuperEpoxy glass slides using a SpotBot 3 microarrayer
(Arraylt). Slides were washed with 0.05% PBS-Tween 20 and
then incubated in BlockIt blocking buffer (Arraylt). Serum
(1:50) or mADb (100 pg/ml) in reaction buffer (Arraylt) was
applied, followed by Cy3-conjugated goat anti-human IgG
(0.5 ug/ml). Signals were quantified using a GenePix 4000B
microarray scanner and GenePix Pro 6.0 software. The MFIs
for the 20 vimentin features in each probed block were median
averaged.

TII mAb staining of kidney tissue. Fresh frozen biopsy
sections (3 um were adhered to glass slides fixed in acetone
(—20°C), washed in PBS, and permeabilized in PBS/0.5%
Nonidet P40. Slides were blocked in PBS/10% donkey serum
and probed with FITC-conjugated TII mAb (Pierce). Bound
mADb was detected with rabbit anti-FITC antibodies (1 ug/ml;
Life Technologies), followed by Alexa Fluor 488—conjugated
goat anti-rabbit antibodies (0.5 pg/ml; Life Technologies). Cell
nuclei were counterstained with Hoechst 33342.

RESULTS

Characterization of in situ—expressed immuno-
globulins. Evidence of in situ antigen-driven B cell
selection in LN includes the presence of intrarenal GCs,
T:B cell aggregates, and plasmablast foci (13), all of
which have been demonstrated histologically to contain
Ki-67+ B cells and/or plasmablasts. To characterize the
antigen(s) driving in situ B cell selection in each of these
tertiary lymphoid-like structures, we identified a cohort
of 8 lupus patients with TII found on diagnostic biopsy
(see Supplementary Table 1, on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.38888/abstract). T:B cell aggregates and
plasma cells were observed in 7 of the biopsy samples,
and a GCin 1.

To identify in situ-selected B cell populations, 5
of the biopsy specimens with T:B cell aggregates and
plasma cells (patients 1-5) were sectioned and stained
for Ki-67. The specimen containing a GC (patient 6) and
1 specimen with T:B cell aggregates and plasma cells
(patient 7) were stained for CD38. Positive cells were
laser captured. From each capture, expressed IgG heavy
chain or lambda or kappa variable (V,, V,, or V,)
regions were amplified and subcloned into TA vectors
(13). Multiple colonies from each transformation were
sequenced. A particular variable chain sequence was
considered valid if the same sequence was obtained from

at least 2 separate colonies of a given transformation.
A Vy and V; pair was considered valid if the same
immunoglobulin heavy chain rearrangement was ob-
tained from at least 1 different captured area from 1
biopsy sample. Using this approach, 18 paired Vi and
V. regions were identified (Supplementary Table 2,
http://onlinelibrary.wiley.com/doi/10.1002/art.38888/
abstract).

For most patient samples, the above approach
produced single Vy; and Vi pairings. However, in 1
instance (patient 4), 2 heavy and 2 light chains persis-
tently co-occurred. In this case, all 4 possible pairings
were considered and expressed as respective mAb (Ki4-1
through Ki4-4). Additionally, 3 of the cloned heavy
chains persistently co-occurred with 2 light chains, lead-
ing us to generate 2 different TII mAb for each respec-
tive heavy chain (patient 2, Ki2-1 and Ki2-2; patient 3,
Ki3-1 and Ki3-2; patient 6, GC1 and GCla).

Finally, 1 biopsy specimen was digested and
single CD38+ cells were sorted by FACS (16). The
variable regions were again subcloned into TA vectors
and sequenced. Seven distinct Vi and V| pairings were
isolated.

A summary of the nucleotide and predicted
amino acid sequences for individual V and V| regions
is provided in Supplementary Table 2. The Vi segments
were different for each antibody chain, with the excep-
tion that both Ki5-1 and PB1 used V3-15, but with
different D and Jy; segments. Overall, the frequency of
Vi segments was similar to Viy usage in the peripheral
B cells of healthy subjects (22), including a bias for
Vi3 (12 of 20) and V4 (7 of 20). The length of the
Vi complementarity-determining region 3 and the Vi
complementarity-determining region 3 varied from 7 to
23 amino acids and from 8 to 12 amino acids, respec-
tively. All immunoglobulin heavy and light chains were
somatically mutated (Supplementary Table 2), and a
distribution of replacement and silent mutations consis-
tent with antigen-driven selection (17) was evident in 13
of 20 Vy chains (Supplementary Table 3 on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.38888/abstract).

Frequent recognition of cytoplasmic antigens by
antibodies from in situ-selected B cells. Paired V; and
V, regions were subcloned and expressed as functional
human IgG1 mAbD. In total, 25 TII mAb were derived
from 8 patients: 14 from Ki-67+ cells, 3 from CD38+
cells within a GC, 1 from CD38+ cells within a T:B cell
aggregate, and 7 from a biopsy specimen sorted for
CD38+ cells (Supplementary Tables 1 and 2).
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All 25 TII mAb were assayed for nuclear reactiv-
ity by indirect immunofluorescence on HEp-2 cells
(Figures 1A—C). Only 4 reacted preferentially with nu-
clear antigens, 3 of which exhibited speckled patterns
and 1 a nucleolar pattern. In contrast, the control human
IgG1l mAb, 3H9, which preferentially binds dsDNA,
yielded a homogeneous nuclear staining pattern and
reacted to a lesser extent with the cytoplasm.

Eleven antibodies, from 7 of the 8 patients,
bound cytoplasmic antigens. Of these, 7 had preferential
cytoskeletal reactivity, 2 displayed a diffuse homoge-
neous cytoplasmic pattern, and 2 had both cytoplasmic
and nuclear binding. One mAb (PB7) colocalized with
the Golgi apparatus protein giantin (23) (representative
images available from the corresponding author upon
request). Nine of 25 mAb demonstrated no detectable
reactivity. These data suggest that TII in situ adaptive
immune responses are more often targeted to cyto-
plasmic than to nuclear self antigens.

Infrequent binding of TII antibodies to nuclear
antigens commonly associated with SLE. To confirm the
absence of dsDNA reactivity, Crithidia luciliae were
stained with each mAb. While mAb 3H9 exhibited
strong reactivity with the kineticore, there was no de-

A
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tectable reactivity with the TII mAb. ELISAs for ANA,
SSA, and Sm/RNP reactivity were subsequently per-
formed. Interestingly, none of the 4 nuclear-reactive
mAb (PB2, Kil-2, Ki4-2, and Ki5-3) showed strong
reactivity with any of these substrates. Ki4-2 did, how-
ever, have low reactivity with Sm/RNP. These findings
suggest that the nuclear antigen specificities normally
associated with SLE are not commonly selected in situ in
lupus TII. Furthermore, none of the TII antibodies
exhibited appreciable IgG rheumatoid factor activity.
Representative images from the above-described exper-
iments are available from the corresponding author
upon request.

Vimentin is an autoantigen commonly targeted
in situ. We next sought to identify the antigenic targets
of antibodies with cytoplasmic and cytoskeletal reactiv-
ities (both collectively grouped as anti-cyto antibodies).
We first interrogated protoarrays containing 9,400 hu-
man proteins, with a selected group of TII mAb (Figure
2). The measures of respective antigen reactivities were
computed as harmonic mean ratios (see Materials and
Methods). We validated the protoarrays with a transglu-
taminase 2 (TG2)-reactive human IgGl mAb (4B06),
cloned from a patient with celiac disease (24). The 2

mAb  staining pattern
Ki1-1  cytosk

Ki1-2  nucspec
Ki2-1  N.R.

Kiz-2  cytopl

Ki3-1  cytosk

Ki3-2  cytosk

Ki4-1  N.R.

Ki4-2  nucspec
Ki4-3 N.R.

Ki4-4 N.R.

Ki4-5 cytosk

Ki5-1  cytopl & nuc
Ki5-2  cytopl & nuc
Ki5-3  nucleolar

GC1  NR
GCla NR.
GC2  cytosk
TB1 N.R.
PB1 N.R.
PB2 nuc spec
PB3  cytopl
PB4  cytosk
PB5  cytosk
PB6  NR.
PB7 GA

Figure 1. HEp-2 staining patterns obtained using tubulointerstitial inflammation (TII) monoclonal antibodies (mAb). A, Indirect immunofluores-
cence microscopy of HEp-2 cells following staining with TII mAb (25 wg/ml). Representative examples are shown. Positive controls include a known
antinuclear antibody—positive (ANA pos) serum sample and the human IgG1 mAb 3H9, both of which exhibit preferential reactivity for DNA and
a characteristic homogeneous nuclear staining pattern. The color key in each of the other 6 images represents the staining pattern being illustrated,
as follows: yellow = nuclear speckled (nuc spec); brown = nucleolar; red = cytoskeletal (cytosk); blue = cytoplasmic (cytopl); green = cytoplasmic
and nuclear; pink = Golgi apparatus (GA); white = no reactivity (N.R.). Bar = 10 um. B, Pie charts summarizing the relative frequencies of HEp-2
staining patterns observed for TII mAb. The smaller chart is a subdivision of the mAb that preferentially reacted with nuclear antigens. Colors
correspond to the color key described in A. C, Staining patterns of the respective TII mAb.
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immunoglobulin heavy constant gamma 1(IGHG1)
interferon, alpha-inducible protein 6 (IFI8)
immunoglobulin heavy constant mu (IGHM)
interleukin 7 (IL7)

tripartite motif-containing 21 (TRIM21)

EGF-like repeats and discoidin I-like domains 3 (EDIL3)

transglutaminase

transglutaminase 2 (c polypeptide) (TGM2)
immunoglobulin heavy constant gamma 1(IGHG1)
immunoglobulin heavy constant gamma (IGHG3)
calcium binding protein 39 (CAB39)

—Plexin domain-containing protein 2

~~Resistin (RETN)
immunoglobulin heavy variable 4-31

—VIMENTIN
_-mitogen-activated protein kinase kinase kinase (MAPK3)
—caspase 7, apoplosis related cysteine peptidase 7 (CASP7)
-\UDP—qumse ceramide glucosyltransferase-like 2 (UGCGL2)
_~POU class 2 homeobox1 (POU2F1)
—family with sequence similarity 1208 (FAM120B)
iimer\eukin 3(IL3)
zeta chain associate protein (ZAP70) kinase transcript variant 1
KIT ligand (KITLG), transcript variant 3
2>pim-1 oncogene (PIM-1)

\

protein kinase C gamma (PKCG)
mitogen-activated protein kinase kinase kinase kinase 2 (MAP4K2)
Death associated protein kinase 2
histamine receptor H2 (HRH2)
zinc finger protein 79 (ZNF179)
‘acetylserotonin-O-methyl-transferase-like (ASMTL)
bruno-like 4, RNA binding protein (Drosophila) (BRUNOL4)
glycoprotein M6B (GPMEB), transcript variant 2
\hypothet\cal protein BCO14
fms-related tyrosine kinase 3 (FLT3)
\inter\eukin 4 (IL4), transcript variant 1
@ 'fms-related tyrosine kinase 3 ligand (FLT3LG)

Figure 2. Immunoreactivities of tubulointerstitial inflammation monoclonal antibodies (mAb) with protoarrays. Antibodies with high reactivity in
at least one array (defined as =2-fold higher than in 99% of control probes in the same array) were hierarchically clustered by antigen
immunoreactivity. Protoarrays were validated using 4B06, a human IgG1 mAb that has known immunoreactivity with transglutaminase 2. The key
at the top left indicates the magnitude of immunoreactivity (see Materials and Methods). EGF = epidermal growth factor.

TG2 antigens (IVGN:PM_2144 and BC003551) were
the most highly reactive features, yielding values of 32.8
and 11.7, respectively.

The TII mAb used for protoarray probing pro-
vided at least one example of each staining pattern:
anti-cyto (Ki5-2, Ki3-2, Ki3-1, Ki5-1), speckled nuclear
(Kil-2), Golgi apparatus (PB7), nucleolar (Ki5-3), and
no appreciable HEp-2 reactivity (GC1, GCla, PB6,
Ki2-1, PB1). A subset of antigens was hierarchically
clustered using a Pearson correlation distance measure
and displayed in a heat map (Figure 2); the antigens
selected were those with reactivity >2-fold the 99%
value of the control probes. The most commonly reac-
tive targets included Flt-3 ligand (FLT-3LG), IgG1 and
IgM heavy chains, and epidermal growth factor (EGF)-
like discoidin I-like domains 3. Essentially all of the
antibodies bound FLT-3LG, and therefore this immu-
nospecificity was likely spurious.

Most TII mAb, comparably to the TG2-specific
mAD, displayed restricted polyreactivity with =8 pro-
teins. In contrast, Ki3-1 displayed greater polyreactivity.

Antigens targeted by at least 2 anti-cyto TII mAb
included EGF-like discoidin I-like domains 3 and vi-
mentin. In contrast, the nuclei-reactive mAb, Kil-2, only
bound weakly to a few protoarray antigens. A similar
pattern of pauci-reactivity was observed with those TII
mAD that did not react with HEp-2 cells.

We next used mass spectrometry to characterize
the antigens targeted by the TII anti-cyto mAb (Figures
3A and B). HEp-2 cell lysates were immunoprecipitated
with a mixture of anti-cyto mAb (Ki3-1, Ki3-2, Ki5-1,
Ki5-2) or a mixture of 4 different anti-TG2 IgG1 mAb
(4B06, 4A06, 4D03, 4E05) (24). Lysates were also
immunoprecipitated with the antinucleolar mAb Ki5-3
(see Supplementary Table 4, on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.38888/abstract). Samples were resolved by
reducing SDS-PAGE and stained with Coomassie blue
(Figure 3A). A few unique bands were detected in the
anti-cyto mAb lane, including one with a relative molec-
ular weight of ~45 kd (T1). The T1 band, and a region
corresponding to the same molecular weight from the
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vimentin NP_003371.2

53,652.7 Da
MSTRSVSSSSYRRMFGGPGTASRPSSSR
SYVTTSTRTYSLGSALRPSTSRSLYASS
PGGVYATRSSAVRLRSSVPGVRLLODSV
DFSLADATNTEFKNTRTNEKVELQELND
RFANYIDKVRFLEQQNKILLAELEQLKG
QGKSRLGDLYEEEMRELRRQVDOLTNDK
ARVEVERDNLAEDIMRLREKLQEEMLOR
EEAENTLQOSFRODVDNASLARLDLERKV
ESLOEEIAFLKKLHEEEIQELQAQIQEQ
HVQIDVDVSKPDLTAALRDVRQQYESVA
AKNLQEAEEWYKSKFADLSEAANRNNDA
LROAKQESTEYRRQVQSLTCEVDALKGT
NESLERQMREMEENFAVEAANYQDTIGR
LODEIQNMKEEMARHLREYQDLLNVKMA
LDIEIATYRKLLEGEESRISLPLPNFSS
LNLRETNLDSLPLVDTHSKRTLLIKTVE
TRDGQVINETSQHHDDLE

Figure 3. Identification of vimentin as a putative antigen targeted by tubulointerstitial inflammation (TII) monoclonal antibodies (mAb). A,
Immunoprecipitations of HEp-2 cell lysates with either TII mAb (Ki3-1, Ki3-2, Ki5-1, and Ki5-2), no mAb, or transglutaminase 2 (TG2)-reactive
mAb. Samples were resolved by reducing sodium dodecyl sulfate—polyacrylamide gel electrophoresis and stained with Coomassie blue. A unique TII
mAD band (T1) was excised and analyzed by mass spectrometry. Among the proteins identified was vimentin. B, Vimentin as an antigen identified
from peptides characterized from TII mAb immunoprecipitates of HEp-2 cell lysate. The vimentin (NP_003371.2) amino acid FASTA sequence in
regions corresponding to peptides identified by mass spectrometry of T1 is shown in blue italics. Tranches cut from analogous immunoprecipitates
(Supplementary Tables 4 and 5, on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.38888/abstract), generated
with other TII mADb, yielded additional vimentin peptides (boldface italics). C, Confocal microscopy of HEp-2 cells, demonstrating costaining of TII

mADb Ki3-2 with antivimentin mAb V9. Bar = 10 um.

Ki5-3 immunoprecipitation (T2), were excised for mass
spectrometry. From the T1 band, proteins inferred from
peptide spectra were cytokeratins 1, 2, 7, and 9, actin,
fructose biphosphate aldolase A, and vimentin (see
Supplementary Table 5, on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.38888/abstract). Among the above-mentioned pro-
teins identified from T1, the cytokeratins were also
observed in T2. Cross-referencing of the T1 proteins
identified by mass spectrometry with those on the pro-
toarray heatmap (Figure 2) revealed that only vimentin
was common. The 2 vimentin peptides identified by mass
spectrometry (Figure 3B and Supplementary Tables 4
and 5) represented 29 of the 466 amino acids (6%) in the
full-length translated protein.

Additional immunoprecipitations were per-
formed with a different mixture of cytoskeleton-staining

TII mAb (GC2, Ki4-5, PB4, and PBS5) using lysates of
HEp-2 or primary renal proximal epithelial cells. As
full-length vimentin has a relative molecular weight of
54 kd, gel tranches covering 50-55 kd were excised
(Supplementary Table 5) for mass spectrometry. Vimen-
tin peptides were once again identified in both samples.
The lower molecular weight forms of vimentin detected
in T1 likely represent proteolytic fragments (25,26). In
total, 27 different vimentin peptides covering 259 amino
acids (56% of the full length protein) (Figure 3B) were
identified from T1, T3, and T4 (Supplementary Table 5).
To confirm that vimentin was targeted by TII anti-cyto
mAb, HEp-2 cells were costained with the TII mAb
Ki3-2 and the murine antivimentin mAb V9 (Figure 3C),
revealing extensive colocalization.

To determine whether vimentin was a frequent
target of antibodies produced in situ during TII, all 10
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remaining anti-cyto TII mAb were assayed by confocal
microscopy. All 10 had some overlap with V9 staining,
with PB4, Ki3-1, GC2, PB3, PBS5, and Kil-1 showing
extensive and specific overlap (Figure 4A). Polyreactiv-
ity was observed with TII mAb Ki2-2, Ki5-1, and Ki5-2
(images available from the corresponding author upon
request), while Ki4-5 (Figure 4A) exhibited preferential
staining of cytoskeletal filaments, some of which did not
react with V9. As these colocalizations could represent
binding to antigens closely neighboring vimentin, direct
vimentin immunoreactivity was confirmed using purified
bovine vimentin—coated SuperEpoxy glass slides (Figure
4B). Ten of 11 anti-cyto TII mAb displayed vimentin
immunoreactivity greater than that observed with any of
the non-cyto TII mAb (P = 3.9 X 10~*) (Figure 4B).
Up-regulation of vimentin in inflamed tubulo-
interstitium. To investigate why vimentin was so com-
monly targeted in situ, we examined the distribution of
vimentin expression in normal and LN renal biopsy

samples by immunohistochemistry (Figure 4C). Consis-
tent with previous reports (25,27), in normal kidney
vimentin was expressed primarily in glomeruli, arteri-
oles, and interstitial fibroblasts, but not in epithelial
cells. In contrast, the distribution and intensity of vimen-
tin expression in TII specimens was radically different,
with vimentin being abundant throughout the tubuloint-
erstitium. Much of this increased vimentin expression
localized to the mononuclear cells infiltrating the tubulo-
interstitium.

High expression of vimentin by infiltrating mono-
nuclear cells suggested that in situ humoral immunity is
directed against molecules associated with inflamma-
tion. Therefore, we directly examined whether TII mAb
also preferentially bound inflamed tubulointerstitium
(Figure 5). Two TII mAb, Ki3-1 and PB4, both with
vimentin immunoreactivity, were directly labeled with
FITC and used to stain sections from normal kidney and
LN kidney with severe TII. Samples were then incubated
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Figure 5. Enhanced binding of tubulointerstitial inflammation (TII) monoclonal antibodies (mAb) to inflamed renal tubulointerstitium. The
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Tissue was counterstained with Hoechst for nuclei (blue). Representative patterns of tubulointerstitial and glomerular (glom) binding are shown.
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with rabbit anti-FITC antibodies followed by Alexa
Fluor 488—conjugated goat anti-rabbit antibodies (im-
ages available from the corresponding author upon
request). As expected, no discernible immunoreactivity
was detected in the absence of primary antibody (Figure
5). In contrast, staining with 3H9 yielded a predictable
nuclear pattern. In normal kidney, Ki3-1 had some
immunoreactivity with glomeruli and minimal immuno-
reactivity with the tubulointerstitium. PB4 demonstrated
little immunoreactivity with normal renal tissue. In
contrast, both antibodies bound inflamed tubulointersti-
tium, and Ki3-1 also bound inflamed glomeruli. These
results are consistent with a model in which in situ
immunity targets inflammation.

Association of serum AVAs with severe TII. As
vimentin is frequently targeted by the in situ humoral
immune response, we predicted that serum AVA titers
would reflect TII severity. To investigate this, AVA

titers in serum samples from SLE patients with LN (n =
48) or with no history of renal disease (n = 35) were
assayed as described above (Figures 6A and B). High-
titer AVAs (>180 AU) were found almost exclusively
in patients with renal disease, and the average AVA
titer was higher in this group than in the group without
renal disease (P = 0.01). The 1 SLE patient without
renal involvement who had a relatively high AVA titer
had very active extrarenal disease, with severe discoid
lupus, arthritis, vasculitis, decreased serum complement
levels, and increased anti-dsDNA antibody titers. Within
the group with renal involvement, high-titer AVAs
strongly correlated with severe (grade 3) TII (P <
0.0001), with the 5 highest AVA titers detected among
patients with grade 3 TII. Only 1 of 10 patients with
severe TII had low-titer AVAs. These data suggest that
high-titer AVAs might be a useful biomarker of severe
TIIL.
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Figure 6. Association of nephritis with antivimentin IgG levels in the
serum of patients with systemic lupus erythematosus. Individual serum
samples were used to probe vimentin arrays for IgG reactivity. A,
Patients were first grouped according to whether they did or did not
have a history of nephritis. B, Patients with nephritis were further
grouped according to the degree of tubulointerstitial inflammation
(TII) (0 = none, 1 = mild, 2 = moderate, 3 = severe). Titers were
extrapolated using a serially diluted sample from a patient with TII and
high-titer antivimentin antibody (AVA). The number of patients in
each group is shown in parentheses. Among patients with renal
involvement, serum samples were obtained a median of 1.36 years
after biopsy (interquartile range 0.08-3.14 years), and the mean * SD
age at the time serum samples were obtained was 33.1 = 9.7 years.
Among patients without renal involvement, the mean * SD age at the
time serum samples were obtained was 41.6 = 10.5 years (P < 0.01
versus those with renal involvement). Each data point represents an
individual patient; bars show the median and interquartile range. P
values were determined by Mann-Whitney 2-tailed test.

DISCUSSION

In many previous studies, autoantibody specific-
ities in serum were identified first, and subsequently
were correlated with disease manifestations (2,28). In
the present study, in contrast, we started with the
affected end organ, providing immediate pathologic
context. The relevance of the characterized in situ—
derived antivimentin mAb to TII was supported by the
correlation between high serum AVA titers and severe
TII. Our results suggest that tissue-focused studies can
identify clinically important biomarkers, and potentially
pathogenic mechanisms, that are not immediately ap-
parent from studies of peripheral blood.

In lupus patients with TII, in situ humoral immu-
nity appeared to be antigenically restricted and primarily
focused on cytoplasmic antigens—notably, vimentin. Vi-
mentin was expressed by infiltrating inflammatory cells,

and the TII mAb that were tested preferentially reacted
with the inflamed tubulointerstitium. We postulate that
by targeting inflammation the adaptive immune re-
sponse, and the attendant deposition of antibodies and
complement, feed forward to amplify local inflamma-
tion, tissue destruction, and renal scarring (29).

Of the other serologic specificities associated
with SLE, only anti-dsDNA antibody titers provide a
similar correlation with disease activity (30,31). This is
best defined for GN, in which high-titer dSDNA anti-
bodies predict renal flare in some patients (2) and
anti-dsDNA antibodies deposited in inflamed glomeruli
can be detected (9,32). While dsDNA antibody titers
provide a measure of systemic autoimmunity, we suggest
that AVA titers provide complementary measures of
organ-intrinsic mechanisms of autoimmunity.

Most of the identified antigens targeted by the in
situ humoral immune response were cytosolic proteins,
the immune response to which usually requires T cell
help (33). Indeed, follicular helper T cells are common
in LN biopsy specimens that manifest severe TII, where
they are in apparent cognate pairs with B cells (34).
Therefore, the inflamed tubulointerstitium appears suf-
ficient to propagate cytosolic antigen—targeted humoral
immunity. In contrast, inflamed glomeruli lack infiltrat-
ing B and follicular helper T cells. B cell-expressed
Toll-like receptors might therefore be less important in
situ than they are in systemic immune responses mea-
sured in the periphery (and propagated in secondary
lymphoid organs), where these receptors play a role in
responses to dsDNA- and RNP-containing complexes
(35,36).

Some characteristics of vimentin might enhance
its antigenicity in situ. Vimentin is a highly basic mole-
cule that is secreted by activated macrophages (26).
Therefore, in inflammation, vimentin is abundant and
available. Furthermore, vimentin can bind and activate
dectin 1 (37), a C-type lectin receptor expressed on
cells including macrophages, dendritic cells, and B
cells. Vimentin might therefore locally prime antigen-
presenting cells. Finally, vimentin can be posttransla-
tionally modified, which, in rheumatoid arthritis, pro-
vides neoepitopes and increases antigenicity (38). It
remains to be determined if posttranslational modifica-
tions enhance in situ immunity to vimentin in LN TII,
or whether particular HLA molecules preferentially
present vimentin-derived peptides. Mapping of domi-
nant vimentin epitopes should provide insights into
these questions.

Most AVAs we investigated exhibited polyreac-
tivity. This could reflect a less efficient selection on
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multiple abundant antigens in the inflamed kidney, in
comparison to a predictably stringent selection in GCs,
in which antigen is limited and presented in com-
petitive contexts that favor higher affinity and re-
stricted polyreactivity (39). Alternatively, the heightened
polyreactivity/polyspecificity may be due to more than
one antigen driving selection, reflecting polyselection.

Interestingly, anticytoplasmic antibodies are a
common feature of the normal newly emigrated and
mature naive B cell repertoires (40). Furthermore, in
SLE, anticytoplasmic antibodies are even more frequent
in these pools, with at least one-third of mature naive B
cells having some cytoplasmic reactivity (41). The high
prevalence of B cells expressing anticytoplasmic anti-
bodies may help explain the low titers of AVAs observed
in most SLE patients. Presumably, the TII AV As that we
characterized arose from one or more of the above B cell
populations expressing anticytoplasmic antibodies. Al-
ternatively, it is possible that the AVAs were selected
from non-autoreactive or antinuclear antigen—specific B
cell precursor populations.

High-titer AVAs (>225 arbitrary units [AU])
were invariably associated with high disease activity,
usually severe TII. Among the 6 highest AVA titers, 5
occurred in patients with severe TII, with all 4 of the
very highest titers associated with this manifestation.
The only non-nephritic patient with high-titer AVAs
(236 AU) had severe extrarenal disease. Intermediate
AVA titers (150-220 AU) were preferentially found in
patients with nephritis. Therefore, different titers of
AVAs might reflect different levels of disease activity
and disease manifestations.

Anticytoplasmic antibodies and AVAs have been
observed in a variety of autoimmune diseases (42-45)
and in transplant rejection. Interestingly, in cardiac
allograft recipients, IgM AVAs are predictive of allo-
graft vasculopathy (46) and rejection (47). Furthermore,
AVAs have been observed in renal transplant rejection
(48,49). In mice, immunization with vimentin accelerates
cardiac allograft rejection (50), providing evidence that
antivimentin immune responses can be pathogenic.
These results, taken together with our findings reported
herein, suggest that AVAs represent a common adaptive
immune response in chronic organ inflammation, which
perpetuates disease.

Because of the difficulties inherent in isolating
in situ-selected B cells, our study was restricted to a
small number of biopsy specimens and mAb. Sampling
single cells by laser capture is imprecise, and it is likely
that a few V; and V| pairings were spurious. Indeed, in
some cases a single V; could not be paired with a single
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V.. Furthermore, closed needle biopsy provides a lim-
ited sampling of the entire lesion. Despite these limita-
tions, our study revealed consistent themes: antibodies
from 7 of 8 patients were immunoreactive with cyto-
plasmic antigens, and antibodies from 6 of 8 patients had
vimentin immunoreactivity. Furthermore, these preva-
lences correlated with the frequency of high serum
AVA titers in patients with severe TII. Therefore, our
sample size and approach appeared sufficient to capture
common features of the TII in situ adaptive immune
response.

This study demonstrates that high AVA titers
identify SLE patients with severe TII, a population at
substantial risk for progression to renal failure (6,7,12).
Whether AV As are directly pathogenic, or if they can be
used as a biomarker, requires additional study. Also, it is
not known if high AVA titers identify patients who will
be responders to targeted therapies. Regardless, know-
ing where and when AVAs arise in lupus will provide a
strong context for interpreting future clinical and mech-
anistic studies.
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