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Abstract
To establish the relevance of targeting disease-associated T cells in anti-RNP-associated
glomerulonephritis, mice developing nephritis following immunization with U1-70-kd small nuclear
ribonucleoprotein (snRNP) were treated with a single dose of irradiated antigen-selected T cell
vaccine. T cell receptor usage in nephritic kidneys revealed oligoclonal use of T Cell Receptor V
Beta (TRBV) genes as previously found in spleens and lungs of immunized mice with pulmonary
disease. The CDR3 regions from T cell isolates showed sequence homology to those in humans with
anti-RNP autoimmunity. Following T cell vaccination, urinalysis returned to normal in 5/7 treated
mice (71% response rate) whereas all mock treated mice continued to have an active urinary sediment
(Fisher’s Exact p=0.02). An oligoclonal population of T cells homologous to those identified in
humans with anti-RNP autoimmunity is implicated in disease pathogenesis, and T cell vaccination
is associated with a high rate of clinical improvement in established nephritis.
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Introduction
Antibodies to components of the U1 small nuclear ribonucleoprotein autoantigen (U1 snRNP)
are frequently encountered in patients with systemic lupus erythematosus,[1] and have been
correlated with increased severity of disease and increased incidence of renal disease in lupus.
[2;3] Indeed, the strength of the correlation between renal disease and anti-RNP antibodies has
been reported to be higher than the correlation between anti-double-stranded DNA antibodies
and lupus nephritis.[4] However, anti-B cell therapy has been disappointing in the treatment
of anti-RNP-associated lupus.[5] In contrast, a putative anti-RNP T cell tolerogen has shown
promising results in this spectrum of disease,[6] suggesting that T cell activity may be central
to the pathogenesis of anti-RNP-associated lupus.

Anti-RNP T cells are a plausible target for immunotherapy in lupus nephritis because they are
oligoclonal and are persistent in individual patients, [7] They also show consistent Vbeta chain
usage both in multiple human patients and in an induced model of murine anti-RNP nephritis.
[8] Anti-RNP T cells in humans have been shown to have degenerate autoantigen reactivity
towards other lupus autoantigens including Sm,[9] and in addition have been shown to be
capable of increasing human B cell secretion of lupus autoantibodies.[10] In our models of
induced anti-RNP autoimmunity, we have previously shown that adoptive transfer of CD4+ T
cells from immunized mice to non-irradiated syngeneic naïve recipients is sufficient to induce
the development of nephritis in the recipients.[11]

T cell vaccination involves the infusion of killed T cells of a restricted specificity to engender
a specificity-specific reduction in T cell reactivity. This has been reported to be an effective
approach to the treatment of human autoimmune disease in other models.[12] Current
treatments for lupus nephritis are broadly immunosuppressive and associated with frequent
and severe side effects. One attempt to use an anti-RNP T cell clone for T cell vaccination
therapy in MRL/lpr mice did not lead to a clinically significant effect,[13] but cells expressing
the T cell receptor used for this vaccination had not been linked to end organ damage, and
expressed a different Vbeta chain than those we have identified in humans and in lesional
tissues in mice.[8]

We therefore sought to characterize the therapeutic potential of targeting T cells associated
with induced anti-RNP glomerulonephritis. Based on evidence that these cells were
homologous to the anti-RNP T cells we have previously identified in human and murine
systems, we attempted to treat established anti-RNP-associated nephritis in an induced murine
model with T cell vaccination. We observed that by two months after a single course of therapy,
active urinary sediment resolved in over 70% of treated mice while persisting in all of the sham-
treated animals. These results highlight a role for T cells in the pathogenesis of anti-RNP
associated glomerulonephritis, and suggest that targeting a limited set of T cells in anti-RNP
autoimmunity can lead to clinically relevant results.

Methods
Mice

Experiments were performed using C57BL/6Ntac-[KO]Abb-[Tg]DR-4 mice (Taconic,
Germantown, NY), transgenic for the expression of a chimeric human/mouse class II MHC in
which the extracellular antigen presentation domains of HLA-DR4 have replaced the native
murine class II regions, with the remainder of the native murine molecule intact, that we will
refer to as DR4 mice.[14] All experiments were performed according to IACUC-approved
protocols in AALAC-certified facilities. DR4 mice were immunized subcutaneously once in
the flank with 50 micrograms of U1-70kD small nuclear ribonucleoprotein fusion protein (70k)
and 50 micrograms of U1-RNA adjuvant at 8–10 weeks of age, and boosted 2 weeks later with
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the same preparation. The 70k antigen was a maltose binding protein fusion protein form of
peptides 63–205 of the U1-70kD snRNP antigen, produced and purified as previously reported.
[14] We observed that boosting the mice did not affect the rate of anti-RNP seroconversion,
but did lead to an increased rate of development of renal manifestations clinically (data not
shown). Mice that had anti-RNP antibodies and active urinary sediment one month after the
final immunization were randomly assigned to either treatment or mock treatment groups until
7 treatment and 7 mock-treatment mice were entered into the study. Ear punch markings placed
at the time of immunization were used to identify individual mice.

T Cell Line/Vaccine Preparation
Murine RNP-specific T cell lines were generated as previously described.[8]] In brief, spleen
and lymph node cells were obtained sterilely at necropsy, mechanically disrupted, filtered
through sterile 100 µm nylon mesh and subjected to density gradient centrifugation using
Histopaque (Sigma). Cells obtained from immunized mice were used immediately for the
generation of T cell lines. Cells obtained from naïve mice were irradiated with 30 Grey (Gy)
and used as APC to stimulate T cells for the generation of T cell lines and in proliferation
assays. Approximately 5 × 106 cells were cultured in DMEM with 2 mM L-glutamine
(complete medium), supplemented with 20 µg/ml gentamicin, 15% fetal calf serum and
containing 70k fusion protein at a final concentration of 50 µg/ml, as described.[8] Cells in a
final volume of 5 ml were placed in 25-cm2 flasks and incubated in 5% carbon dioxide at 37°
C. Cells were restimulated with 5 × 106 syngeneic APC from a naïve donor that had been
irradiated with 30 Gy plus antigen in fresh medium on days 7–10. Following one cycle of
stimulation, cells were harvested, washed, counted, irradiated with 30 Gy, and brought to a
concentration of 1.5 × 107 cells per ml in sterile PBS. For TCR analysis, RNA was extracted
from cells that had been stimulated with plate-bound anti-CD3 (applied overnight at 4 degrees
C at 10 µg/ml) in the absence of APC at 48 h for TCR analyses using RNeasy (InVitrogen,
Carlsbad, CA) (REF: Talken, 2001,Scan J immunol)[15]

T Cell Proliferation Assays
Spleen and lymph node cells were separated from study mice and grown for seven days with
irradiated APCs from naïve syngeneic mice plus 70k antigen to generate T cell lines as above.
The cells were then washed, sorted by AutoMACS for CD4 positivity, and placed into culture
in the same medium with either: irradiated naïve syngeneic APCs only, irradiated naïve
syngeneic APCs plus 70k antigen as above, or plate-bound anti-CD3 only. After 24 hours of
incubation, cells were pulsed with tritiated thymidine, and harvested 18 hours later. Thymidine
uptake was measured by scintillation counting of low energy proton events, and results were
expressed as a ratio in each test condition to thymidine uptake with APCs only (specific
activity). Each experiment was performed in triplicate; mean values are presented.

T Cell Vaccine Delivery
100 microliters of fresh irradiated T cell vaccine was delivered to each mouse in the treatment
arm by subcutaneous injection into the flank while under isoflurane anesthesia. Mock treated
mice received 100 ul of sterile PBS.

Disease assessment
The presence of active urinary sediment was determined by urinalysis on urine specimen taken
at the time of T cell vaccination and again at the time of sacrifice. Specimens were obtained
and results recorded by an investigator blinded to the treatment status of the mice. The presence
of histologic abnormalities was determined by blinded reading of fixed, paraffin-embedded
tissues stained with Hematoxylin and Eosin, as previously reported.[14] Anti-RNP antibodies
were measured by ELISA using genenase-cleaved, gel-purified 70k protein (from the purified
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63–205 70k fusion protein) as coating antigen, as previously described.[8,11,14,16]. In brief,
96 well flat-bottomed microtitre plates were incubated at 4°C overnight with purified Ag in
PBS. The plates were washed with PBS/0.05% Tween 20 buffer, blocked with 3% powdered
milk in PBS/Tween 20, incubated with mouse sera at a final dilution of 1:100 and developed
with HRP-linked Fc region-specific goat anti-mouse-IgG secondary antibody followed by
orthophenylenediamine. Absorbance at 450 nm was measured in a microtitre plate reader.
Samples were tested in duplicate. Pre-immune sera, pre-treatment sera, and post-treatment sera
for the same mice were analyzed at the same time on the same ELISA plate, blinded to the
treatment status of the study mice. Sera were designated as positive for anti-70k (and hence
for anti-RNP) if the mean optical density of the test serum was greater than the mean optical
density of at least 5 syngeneic contemporaneously raised unimmunized mice (normal controls)
measured in duplicate on the same plate, plus five standard deviations of the normal control
optical densities (mean + 5S.D.).

Data Analysis
Statistics were calculated with Prism 5.0 (GraphPad Software, San Diego). Contingency tables
were analyzed using Fisher’s Exact test. Continuous variables were analyzed using the
Student’s T Test (data was shown to approximate Gaussian distributions for each variable
analyzed; results using Mann-Whitney U Test nonparametric analysis yielded equivalent
results [not shown]).

Results
We have previously observed that B6 mice expressing the extracellular domain of HLA-DR4
(study mice) can develop a diffuse proliferative glomerulonephritis after immunization with
70k and that this nephritic presentation can be transferred to naïve syngeneic mice by 70k-
specific CD4+ T cells.[11] Using immunohistochemical staining of the kidneys of mice with
active urinary sediment after anti-70k immunization, we have confirmed the presence of
mononuclear cells staining for CD4 in glomerular infiltrates (Figure 1).

Single cell suspensions of kidneys were prepared from anti-70k-immunized study mice with
nephritis, grown in short-term culture under T cell selective conditions, and assessed for T cell
receptor usage. We found that the same oligoclonal use of TRBV5, TRBV13-1, and TRBV13-3
genes were present in these cells as we have previously reported in the spleens of 70k
immunized mice and in the lungs of immunized mice that develop pulmonary disease (Table
1).[8] The CDR3 regions of these murine T cell isolates also are closely homologous to the
CDR3 regions of anti-70k T cells cloned from human patients with anti-RNP autoimmunity
(Table 2).

Based on these findings, we developed T cell vaccination therapy using irradiated anti-70k T
cells, under the rationale that immune responses to these oligoclonal cells could induce
reductions in pathologic T cell immunity in anti-RNP autoimmunity. We chose to assess the
effects of T cell vaccination on established anti-RNP nephritis 2 months after treatment, at
which point test mice were sacrificed and analyzed for urinary sediment and for renal histology.
Mice induced to have anti-70k autoimmunity that were found to have nephritis on the basis of
active urinary sediment were randomly assigned to receive either treatment with anti-RNP T
cell vaccination or mock vaccination. Thus, 7 mice with nephritis received T cell vaccination
and 7 mice with nephritis (from the same litters and housed along with the vaccinated mice)
received mock vaccination.

Mice receiving either mock vaccination with PBS or the T cell vaccination were observed to
have no adverse effects after treatment administration. In contrast to the mock treated mice,
who continued to have active urinary sediment in 7/7 cases (0% response rate), normalization
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of the urinalysis was observed in 5/7 mice two months after receiving the T cell vaccination
(71% response rate, Fisher’s Exact p = 0.02 versus mock treated) (Figure 2). Renal histology
results correlated with the urinalysis findings (Figure 3).

To characterize the mechanism of action of the renal response in treated mice, we tested the
effects of T cell vaccination on splenic T cells from our study mice. We found that, in
comparison to mock-treated mice with anti-70k autoimmunity, splenic T cells from treated
mice had lower proliferative responses to 70k antigen (Figure 4, p = 0.02). In contrast to the
anti-70k responses, the rate of nonspecific T cell proliferation in response to anti-CD3 could
not be distinguished between the treated and mock-treated mice (Figure 4, p = 0.3). In the two
nephritic mice that received T cell vaccination but continued to have active nephritis
(“nonresponders”), the anti-70k-specific T cell proliferative responses were among the higher
values observed among vaccinated mice, though they were both still over 1 SD below the mean
for anti-70kD responses in mock-treated mice. In contrast, with nonspecific anti-CD3
proliferation, one of the two “nonresponder” mice showed proliferation over 2 standard
deviations below the mock vaccinated mean, while two “responder” mice showed nonspecific
T cell proliferation after T cell vaccination that was higher than the mean observed with mock-
treated mice (Figure 4). These results suggest that attenuation of anti-70k-specific T cell
activity but not anti-CD3 T cell activity is associated with clinical response after T cell
vaccination, and provides evidence that the anti-T cell effects of the vaccination protocol are
not nonspecific.

To determine whether the T cell vaccination protocol had effects on autoantibody levels,
anti-70k antibodies were quantitated by ELISA (Figure 5). Sera were judged to be positive for
anti-70k antibodies if their ELISA optical density results were at least 5 standard deviations
higher than the results for normal control mice measured on the same ELISA plates. Levels of
anti-70k IgG autoantibodies varied widely among study animals, but autoantibody levels
changed little between pre-immune and post-immune sera drawn two months apart. The ordinal
ranking of mice in terms of anti-70k serum titers from highest titer to lowest titer was unchanged
in both the T cell vaccination group and the mock vaccination group between the pre-treatment
and post-treatment ELISA values. T cell vaccination did not reduce the titers of anti-70k
antibodies in test mice compared to mock treatment (Figure 5), suggesting that inhibition of B
cell activity was not its mechanism of action.

Discussion
The same set of oligoclonal anti-RNP CD4+ T cells that we have previously identified in human
anti-RNP autoimmunity and in the spleens and lungs of DR4 mice with anti-RNP autoimmunity
are also present in the kidneys of mice with nephritis, where they localize to the glomerular
and peri-glomerular areas. We have previously shown that adoptive transfer of anti-70k
specific T cells purified in the same manner as in the current report, but not irradiated, induces
nephritis in recipients. That T cell vaccination leads to antigen-specific reductions in T cell
proliferation and is associated with a high rate of clinical improvement in established nephritis
in this model, further establishes a role for this T cell subset in the pathogenesis of anti-RNP-
associated glomerulonephritis. This result is consistent with other reports demonstrating that
therapies that specifically modulate T cell responses are capable of treating established murine
lupus nephritis[17]. Targeting anti-T cell therapies to oligoclonal sets of T cells thus has the
potential to be clinically effective while sparing patients the risks of more general T cell
immunosuppression.

Given that anti-RNP mice with interstitial pneumonitis also have T cell infiltrates with the
same oligoclonal T cell subset, it is plausible that T cell vaccination could be effective for this
spectrum of disease as well. We are currently working to standardize assessment of interstitial
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pneumonitis by noninvasive means in our animal model to allow us to assess the response to
therapy in mice with established lung disease in the same manner that this study examined
responses to therapy in established renal disease. Commonalities between the T cell
populations in the kidneys of renal disease mice and the lungs of lung disease mice emphasizes
that factors other than T cell specificity appear to dictate the tissue targeting of anti-RNP
autoimmunity.

Limitations of this study include the model of nephritis itself, which though associated with
diffuse glomerular proliferative changes and the development of hematoxylin bodies, is not
associated with the development of crescents or glomerular deposition of immunoglobulin and
complement spit products, and seldom progresses to end stage renal failure.[11] It is thus
possible that the benefits of T cell vaccination in subsets of lupus nephritis with prominent
humoral immunity effector mechanisms could be less profound than the effects observed here.

The mechanism of action of T cell vaccination in this study is not completely defined, but
appears to be the reduction of antigen-specific T cell activation. In support of this idea,
vaccination leads to reduced anti-70k-specific T cell proliferation compared to mock
vaccination, in the context of an absence of detectable differences in the rates of nonspecific
T cell proliferation between vaccinated and mock vaccinated mice. Likewise, no differences
in anti-70k-specific antibody responses could be detected between vaccinated and mock-
vaccinated mice.

An alternative explanation of the effects of our irradiated T cell preparation on our model of
anti-RNP autoimmunity could propose that the infusion of irradiated cell debris induced
nonspecific immunomodulatory signals. We view this as unlikely, because the time course of
action of a non-specific anti-inflammatory signal leading to sustained remission of active
nephritis for two months after administration despite the persistence of autoantibodies at stable
titers is implausible. Such an effect, if present, would imply an anti-inflammatory activity more
profound than glucocorticoid administration in sustained efficacy yet more focused than
steroids in terms of the lack of effect on autoantibody levels, based on reports in other systems
of murine nephritis.[18,19] Moreover, a nonspecific anti-inflammatory effect would not
explain the modulation of anti-70k-specific but not anti-CD3-induced T cell activity. Future
studies will explore whether the benefits of T cell vaccination are due to elimination of the
baseline oligoclonal anti-RNP T cells, or due to modulation of their function and/or activity.
In particular, studies assessing the effects of irradiated T cells that target alternative antigens
(and that have different TCR usage) are planned.

This is the first study to demonstrate that oligoclonal anti-RNP T cells migrating to the kidney
are linked to the pathogenesis of glomerulonephritis, and to demonstrate that a specific therapy
targeting these T cells can induce a prominent clinical response in established disease. That
these experiments were performed using an HLA-DR4 restricted model in which the
oligoclonal T cells targeted are homologous to T cells isolated from human patients with anti-
RNP-associated autoimmunity raises the possibility that a similar approach may be feasible
and effective for the treatment of human anti-RNP-associated autoimmune syndromes.
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Figure 1.
Presence of glomerular infiltrates with CD4+ cells in a model of anti-RNP autoimmunity. Mice
sacrificed two months after immunization with 70k and U1-RNA, in which anti-RNP
antibodies were present and proteinuria was observed, were sectioned. Images were captured
at 40× magnification, cropped, and resized. A: Glomerular and periglomerular infiltrates were
present in mice with active urinary sediment on haematoxylin and eosin (H&E) stained slides.
B: CD4+ cells were present in glomeruli in active lesions by immunohistochemistry.
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Figure 2.
Efficacy of T cell vaccination in nephritic mice with anti-RNP autoimmunity. Urine was
assessed immediately prior to treatment with anti-70k-specific T cell vaccination (Treatment
Group), or with phosphate buffered saline (PBS) mock vaccination (Control Group). Mice with
active urinary sediment (including proteinuria in each case) prior to treatment were
characterized as having Kidney Disease. Two months later, urine was again obtained from each
study mouse and assessed for active sediment including protein. An absence of active urinary
sediment was observed in 5/7 mice in the treatment group, but in none of the mice in the control
group, Fisher’s Exact p = 0.02.
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Figure 3.
Histological findings in recipients of T cell vaccination and mock treatment. At the conclusion
of the study protocol, mice were sacrificed and haematoxylin and eosin (H&E) stained renal
images were prepared as in Figure 1. Representative images are shown. A: T cell vaccine
recipient with normalization of urinalysis (“responder”) shows normal renal histology. B: T
cell vaccine recipient with persistently active urinary sediment (“nonresponder”) shows
proliferative glomerulonephritis. C: Mock vaccine recipient with persistent active urinary
sediment shows proliferative glomerulonephritis.
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Figure 4.
Antigen-specific inhibition of T cell proliferation after T cell vaccination. Immune effects of
T cell vaccination versus mock vaccination were assessed in anti-70k treated study mice.
Splenic T cells were tested for proliferation to irradiated antigen presenting cells (APCs) plus
70k peptide (70kD Response), or to plate bound anti-CD3 antibody (Anti-CD3 Response);
results are expressed as Stimulation Index relative to proliferation in response to irradiated
APCs alone. Each data point is plotted, and mean +/− SD are shown. T cell vaccine inhibits
70k-induced T cell proliferation compared to mock vaccination (p = 0.02), but anti-CD3-
induced proliferation does not differ between T cells from vaccinated and mock-vaccinated
mice (p = 0.3). Arrows denote T cell vaccine-treated mice with persistent nephritis
(nonresponders).
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Figure 5.
Anti-RNP antibody levels with T cell vaccination versus mock treatment. Anti 70k IgG
antibodies were measured by ELISA from sera obtained prior to injection with 70k and U1-
RNA (Pre-Immune), immediately prior to T cell vaccination (Pre-Treatment) and 2 months
after T cell vaccination (Post-Treatment), all measured on the same ELISA plate at the same
time. Mean optical density results are shown for each serum tested; group means +/− SD are
also shown. For each set of sera, results are presented normalized to the same mean + 5 S.D.
criterion for test positivity (dotted line). Arrows indicate results for the mice receiving T cell
vaccination that continued to have nephritis despite T cell vaccination (nonresponders, as in
Figure 3). The presence of high titer anti-70kD responses was not consistently present in mice
with clinical nephritis. Despite its clinical benefit, T cell vaccination was not associated with
a reduction in autoantibody levels. No differences between responder and nonresponder mice
were noted.
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Table 2

Alignment of deduced amino acid sequences for v T cell receptor (TCR) from human and murine T cell lines,
and mouse T cell hybridomas

Origin [a] TRBV sequences

CDR3 J J region

Human CAS SQNGQHYEQY FGPGTRLTVT 2S7

CAI SGQGDYEQY FGPGTRLTVT 2S7

CAT SGQGYEQY FGPGTRLTVT 2S7

CAS SEGLAGVPDTQY FGPGTRLTVL 2S5

Murine

Spleen CAS SPTGGRSYEQY FGPGTRLTVL 2S7

CAS SMGQPYEQY FGPGTRLTVL 2S7

CAS SQEGWGGEDTQY FGPGTRLLVL 2S5

CAS SLGGLQDTQY FGPGTRLLVL 2S5

CAS SPGDSNERLF FGHGTKLSVL 1S4

CAS SPRDRNTGQLY FGEGSKLTVL 2S2

Lung CAS SPGQGAYEQY FGPGTRLTVL 2S7

CAS SSGTGSYEQY FGPGTRLTVL 2S7

CAS SLLGGQQDTQY FGPGTRLTVL 2S5

CAS SRENQDTQY FGPGTRLTVL 2S5

CAS SDASRTNERLF FGHGTKLSVL 1S4

Kidney CAS SDEGVSSYEQY FGPGTRLTVT 2S1

Hybridoma

9 CAS RGDISYEQY FGPGTRLLVL 2S7

50 CAS SDGFNQDTQY FGPGTRLLVL 2S5

133 CAS RGLGLDTQY FGPGTRLLVL 2S5

11 CAS SDALFSNERLF FGHGTKLSVL 1S4

114 CAS SPPGLGNTQLY FGEGSKLTVL 2S2

a
Human sequences are from T cell clones derived from Mixed Connective Tissue Disease patients.16 Murine sequences are from T cell lines generated

using 70kD-immunised mice restimulated invitro using 70kD. T cell hybridomas were generated from spleen cells of mice immunized with 70kD that
were fused with the thymoma cell line BW5147 in the presence of polyethylene glycol.

Sequences which were shared for T cell receptor Vbeta region (TRBV) are underlined.
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