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Abstract

Antigen specific immunotherapy is a long term goal for the treatment of autoimmune diseases, 

however developing a means of therapeutically targeting autoimmune T cells in an antigen-

specific manner has been difficult. Through the engineering of an HLA-DR1 chimeric antigen 

receptor (CAR), we have produced CD8+ CAR T cells that target CD4+ T cells in an antigen 

specific manner, and tested their ability to inhibit the development of autoimmune arthritis 

in a mouse model. The DR1 CAR molecule was engineered to contain CD3ζ activation and 

CD28 signaling domains and a covalently linked autoantigenic peptide from type II collagen 

(DR1-CII) to provide specificity for targeting the autoimmune T cells. Stimulation of the DR1-CII 

CAR T cells by an anti-DR antibody induced cytokine production indicating that the DR1-CAR 

functions as a chimeric molecule. In vitro CTL assays using cloned CD4+ T cells as target cells 

demonstrated that the DR1-CII CAR T cells efficiently recognize and kill CD4+ T cells that 

are specific for the CII autoantigen. The CTL function was highly specific, as no killing was 

observed using DR1-restricted CD4+ T cells that recognize other antigens. When B6.DR1 mice, 

in which autoimmune arthritis had been induced, were treated with the DR1-CII CAR T cells, 

the CII-specific autoimmune CD4+ T cell response was significantly decreased, autoantibody 

production was suppressed, and the incidence and severity of the autoimmune arthritis was 

diminished. These data demonstrate that HLA-DR CAR T cells have the potential to provide 

a highly specific therapeutic approach for the treatment of autoimmune disease.
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Introduction

Autoimmune diseases are serious health problems, affecting more than 4% of the 

population (1). Therapeutic modalities for autoimmune diseases have been largely based 

on non-specific immunosuppression that can lead to significant long-term side effects. 

Although the biologic drugs currently used for autoimmune therapy are an improvement, 

immunosuppressive effects are still a health concern for many patients (2). While 

understanding the origins of autoimmune pathogenesis remains a complex problem, it is 

clear that most are associated with the expression of specific HLA class II alleles (3). 

Implicit in this association is a role for CD4+ T cells, and the mechanism by which MHC 

class II molecules stimulate CD4+ T cells is well defined. Class II molecules bind peptides 

and the resulting MHC:peptide complexes serve as ligands for the T cell receptor (TCR) 

expressed by CD4+ T cells. Peptide binding is dependent on the interaction of its amino 

acid side chains with five pockets located in the cleft of the class II binding groove (4), 

and these pockets are the primary locations of the class II allelic polymorphisms. Thus, 

allele specific binding of peptides by disease associated HLA class II is likely a basis 

for the susceptibility to autoimmunity. One example is rheumatoid arthritis (RA) in which 

susceptibility is associated with select DR alleles, including DR1 (DRB1*01:01) and DR4 

(DRB1*04:01, *04:04, and*04:05) (5) that share a stretch of amino acids at positions 70 

to 74 in the DRB1 chains (6), termed the shared epitope. This observation suggests that 

collectively these RA-associated alleles bind and present the same autoantigenic peptide(s) 

to CD4+ T cells that promote the autoimmune disease.

Targeting the pathogenic CD4+ T cells that recognize the autoantigens presented by RA-

associated HLA-DR alleles would be a highly effective means of treating the autoimmune 

disease and would avoid the creation of a state of general immunosuppression that is 

commonly associated with current therapies for RA. The difficulty in designing antigen 

specific modalities for treating autoimmune diseases is determining which antigen(s) is 

driving the autoimmune T cell response and how to use this information to target the CD4+ 

T cells that are mediating the pathogenesis of the disease. While advances have been made 

at identifying autoantigens for a number of autoimmune diseases, a means of therapeutically 

targeting the pathogenic CD4+ T cells that are stimulated by these autoantigens remains 

elusive.

Recent advancements in cancer immunotherapy have demonstrated an effective means of 

targeting and eliminating cancer cells in an antigen specific manner. This immunotherapy 

is based on the use of CD8+ chimeric antigen receptor (CAR) T cells in which the CAR 

molecules are genetically engineered proteins. In most cases, the CAR extracellular domains 

are composed of antibody single chain variable fragment (scFv) that provide the specificity 

for an antigen expressed by the cancer cell, and the CAR intracellular domains are derived 

from TCR signaling proteins, e.g. CD28 and CD3ζ, that link the CAR with the signaling 

pathway used by endogenous TCR (7). cDNA constructs encoding these anti-cancer CAR 

are inserted into CD8+ T cells using replication deficient viral vectors that have been 

extensively developed for gene therapy (8). Essentially these engineered CD8+ T cells are 

re-targeted CTL that use the specificity of the scFv CAR to identify the target cell and the 

endogenous lytic mechanism of the CTL. Once the scFv CAR binds to the target cell, the 
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CTL is activated via the CAR intracellular activation and signaling domains and the CTL is 

stimulated and lyses the cancer cell. Several of these scFv CAR T cell therapies for cancer 

are now FDA approved, and many more are in clinical trials.

The challenge to applying the scFv CAR approach to the treatment of autoimmune 

diseases is defining a cellular target that is specific for the pathogenic CD4+ T cells. 

To circumvent this issue, we have developed a novel CAR therapeutic approach for 

treating autoimmunity that targets only the pathogenic CD4+ T cells that are mediating 

the pathology of the autoimmune disease, and targets them in a manner that is dependent 

on the antigen specificity of their TCR. To achieve this, we designed CAR molecules 

based on HLA-DRB1*01:01 (DR1) that incorporates a model autoantigen as part of its 

molecular structure, and linked both the HLA-DRB1 and DRA1 chains to CD28 and CD3ζ 
activation and signaling domains in the transmembrane and intracellular portion of each 

DR1 chain. Upon transduction, the resulting DR1 CAR T cells lyse CD4+ T cells in an 

antigen specific manner, i.e. only CD4+ T cells expressing a TCR restricted to DR1 and 

specific for the antigenic peptide in the DR1 CAR are lysed. Using our HLA-DRB1*01:01 

humanized mouse model of RA in which autoimmunity is induced by immunization with 

type II collagen (CII), our studies demonstrate that DR1-CII CAR T cells that include the 

immunodominant peptide from the autoantigen CII identify and lyse CII-specific CD4+ T 

cells in vivo, and effectively inhibit the autoimmune T cell response. In addition, following 

autoimmune disease induction, the treatment of the B6.DR1 mice with DR1-CII CAR CD8+ 

T cells significantly reduced both the B cell autoantibody response and inhibited the severity 

and incidence of the autoimmune arthritis. In all, these data demonstrate the potential utility 

of MHC class II based CAR T cells in treating autoimmune diseases in an antigen specific 

manner.

Materials & Methods

Mice.

The generation of DRB1*0101 transgenic mice (DR1) has been previously described 

(9). The DRA1 and DRB1 transgenes were established in (C57BL/6 x SJL/J) F2 mice, 

backcrossed to the B6 background, and the I-Ab molecule expressed by the B6 mice was 

genetically deleted by backcrossing with the B6.129-H2dlAb1-Ea knockout strain (stock 

number 003584, Jackson Laboratories). All mice used in these studies were bred in our 

facility, maintained in micro-isolators in a pathogen-free environment, and were fed standard 

rodent chow (Ralston Purina) and water ad libitum. All animal studies were approved by the 

institutional animal care and use committee.

CAR T cells.

The functional design of the DR1 CAR molecules is shown in Figure 1A. cDNA encoding 

the HLA-DR1*01:01 CAR was cloned into the MSGV1-28z mut1-3 (MSGV) retroviral 

expression vector (gift of Dr. James Kochenderfer, NIH) (8) using In-Fusion cloning 

(Takara Bio). The DR1B and DR1A chains were separated by a ribosome skipping 

T2A sequence allowing both chains to be expressed off the same promoter in a single 

mRNA transcript that is translated as two separate peptide chains (Figure 1B) (10). The 
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endogenous DR1 transmembrane and cytoplasmic domains were removed and replaced 

with the corresponding domains from CD28 and CD3ζ encoded in MSGV (Figure 1). 

The DR1 cDNA used is also chimeric for mouse class II by replacement of the second 

domains of DRA1 and DRB1 with corresponding domains derived from mouse I-E to enable 

interaction of the DR1 molecule with murine CD4 (9). To load the DR1 molecule with a 

covalently linked antigenic peptide (Figure 1), cDNA encoding the peptide sequences for 

the CII peptide (GIAGFKGEQGPKGEP; pMSGV1-DR1-CII-28z mut1-3) or the control HA 

peptide (PKYVKQNTLKLAT; pMSGV1-DR1-HA-28z mut1-3) were added to the amino-

terminus of DRB1 chain as previously described (11).

Replication deficient retrovirus encoding the DR1 CAR molecule was produced using 

293T cells co-transfected with pEQ-pam 3 (-E), pCAG-Eco env (gifts from Dr. Stephen 

Gottschalk, St Jude Children’s Research Hospital), and pMSGV-DR1. 293T cells, grown in 

DMEM + 10% heat inactivated FBS and 2 mM L-glutamine, were transfected with 10 μg of 

total DNA in a 15:15:10 ratio (pEQ-pam 3(-E):pMSGV-DR1:pCAG-Eco env, respectively) 

using GeneJuice Transfection Reagent (Novagen), following the manufacturer’s protocol. 

Viral supernatants were collected 48 and 72 hours after transfection, filtered with a 0.45 μm 

syringe filter and snap frozen for future use. 72 hr after transfection, 293T cells were stained 

with an anti-DR antibody (LB3.1) and analyzed by flow cytometry to confirm expression of 

DR1.

DR1 CAR T cells were produced by transduction of mouse CD8+ T cells using retronectin-

coated plates (TaKaRa Bio) as follows. CD8+ T cells were purified from the spleen 

and lymph nodes of B6.DR1 mice using anti-CD8a magnetic beads and an LS column 

(Miltenyi), according to manufacturer’s protocol. After purification, the CD8+ T cells were 

stimulated overnight by incubation in 24-well plates coated with anti-CD3 and anti-CD28 

(1 ug/ml) in RPMI 1640 complete media containing 10% heat inactivated FBS (Hyclone), 2 

mM L-glutamine (Gibco), 100 μg/ml streptomycin (Gibco), 100 U/ml penicillin (Gibco), 50 

μM β-mercaptoethanol (Gibco), 1 mM Na-pyruvate (Gibco), 1x non-essential amino acids 

(Gibco), 1 mM HEPES (Gibco), and 20 U of IL-2/ml (PeproTech). The following day, the 

CD8+ cells were washed and resuspended at 1×106 cells/ml in RPMI 1640 complete media 

containing 5 μM β-mercaptoethanol and 40 U of IL-2/ml.

Prior to transduction, wells of 24 well plates (non-treated tissue culture plate, Falcon) were 

coated overnight with retronectin (0.5 ml/well of 10 ug/ml) at 4°C. The retronectin-coated 

wells were then blocked with 0.5 ml of 2% BSA in sterile PBS for 30 min at room 

temperature and washed once with PBS. 0.5 ml of virus supernatant was then added to each 

well and the plate centrifuged for 2 hr at 2000 × g, 32°C. After centrifugation, 1 ml of the 

stimulated, washed CD8+ T cells were centrifuged onto the virus-retronectin coated wells 

for 2 hr at 1000 × g, 32°C. After centrifugation, the plates containing the cells were cultured 

overnight at 37°C.

Three days after transduction, DR1 expression by the transduced CAR T cells was analyzed 

by flow cytometry using a fluorescent labeled anti-DR antibody (LB3.1) to determine 

transduction efficiency. For maintenance in culture, the CAR T cells were seeded at 1 × 

106 cells/ml in complete RPMI 1640 with 20 U/ml of IL-2, and the cell concentration was 
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adjusted daily. The cells were re-stimulated weekly on anti-CD3 and anti-CD28 antibody 

(1 ug/ml) coated plates, and in some cases the first re-stimulation was done with anti-DR 

(LB3.1, 2 μg/ml) coated plates. For some experiments purified, non-transduced (NT) CD8+ 

T cells were used as a control, and these cells were maintained in culture using the same 

anti-CD3/CD28 stimulation protocol.

Immunizations and autoimmune arthritis induction.

For arthritis induction and T cell proliferation assays, mice were immunized subcutaneously 

at the base of the tail with 100 μg of peptide or bovine CII emulsified in equal volumes 

of CFA consisting of 85% heavy paraffin oil (Fisher Scientific), 15% mannide mono-oleate 

(Sigma), and 4 mg/ml of heat killed mycobacterium (H37Ra, Difco) (12). For arthritis 

studies, mice were examined 3 times per week starting at day 18 after immunization and the 

presence of arthritis, number of affected limbs, and the severity were assessed. Severity of 

disease was evaluated by visual inspection and assigned a score using a scale of 0 to 4 based 

on the degree of inflammation, as described (12).

T cell proliferation assays.

Eleven or 12 days after immunization, T cells were recovered from draining lymph nodes 

of CII-immunized mice. T-cell proliferation assays were performed in 96-well micro-titer 

plates in a total volume of 300 μl containing 4 × 105 lymph node cells and various 

concentrations of peptide in complete HL-1 medium. Cell cultures were maintained at 37° C 

in 5% humidified CO2 for 4 days. On day 3 of culture, 1 μCi of [3H]-thymidine was added, 

and on day 4 the plates were harvested onto filter plates. After the filter plates were dried, 

scintillation fluid was added and [3H]-thymidine incorporation measured using a Hidex 

Sense Microplate Reader (Lab Logic).

T-cell hybridomas.

T-cell hybridomas were established by polyethylene glycol fusion (Boehringer Mannheim) 

of lymph node cells with BW5147 thymoma cells (TCR α-/β-) as previously described (13). 

Lymph node cells were obtained from DR1 (DRB1*0101) transgenic mice (9) immunized 

10 days previously with antigen/CFA. Prior to fusion, lymph node T cells were stimulated 

with antigenic peptide for four days, followed by IL-2 stimulation for three days. Resulting 

hybridomas were screened for their ability to recognize the antigenic peptide presented by 

DR1.

Antigen presentation assays.

Antigen presentation assays were performed in 96-well microtiter plates in a total volume 

of 0.3 ml containing 5 × 104 antigen presenting cells (APC), 5 × 104 T-hybridoma cells, 

and 10 μg of synthetic peptide (RS Synthesis). Assays were performed in HL-1 medium 

(Bio-Whittaker) supplemented to 2 mM L-glutamine (Gibco), 50 units/ml penicillin, 50 

μg/ml streptomycin (Gibco), and 50 μM β-mercaptoethanol (Gibco). Assay cultures were 

incubated at 37° C in 5% humidified CO2 for 20 to 24 hours. After this time, culture 

supernatants were harvested and IL-2 production by the T cell hybridomas was measured 

in a bioassay using the IL-2 addicted cell line HT-2 (9). HT-2 cell viability was assessed 
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by cleavage of MTT (Sigma) (14, 15). IL-2 titers were quantified by the reciprocal of the 

highest two-fold serial dilution maintaining HT-2 cell viability greater than two-fold over 

negative control cultures. Results are presented as units of IL-2 per ml as described by 

Kappler et a. (16).

Autoantibody Measurement.

CII-specific antibody levels in plasma of mice immunized with CII/CFA were quantitated 

using a bead based ELISA and a MagPix instrument (Bio-Rad). The CII-beads for the 

ELISA were produced by incubation of purified bovine type II collagen with Bio-Plex 

Pro magnetic COOH beads (Bio-Rad). The magnetic beads were activated with EDAC/S-

NHS and the collagen was coupled using an Amine Coupling Kit (BioRad) according to 

manufactures protocol. For the ELISA, the CII-coupled beads were incubated with various 

dilutions of mouse plasma starting at 1:4000 and the quantity of mouse IgG bound detected 

by the addition of a biotinylated anti-mouse IgG (Sigma) followed by PE-Streptavidin 

(Invitrogen). The quantity of anti-CII antibody was calculated using a curve generated using 

purified CII-specific antibody as the standard.

Cytokine assays.

Cytokines produced by CAR T cells after stimulation with anti-DR or anti-CD3/CD28 

antibodies, were measured using a multiplexed bead assay (Bio-Rad) and analyzed using 

a Bio-Rad MagPix. 1 × 106 CAR T cells were cultured in a 48 well plate in which the 

wells had been coated with 250 μl of an anti-DR antibody (LB 3.1, 2 μg/ml), or anti-CD3 

and anti-CD28 antibodies (1 μg/ml each), or PBS. After 18 hr of stimulation, 500 ul of 

supernatant was collected and frozen @ −20° C prior to the cytokine ELISA. Supernatants 

were assayed for expression of IFNγ, TNFα, IL-10, IL-17A, and IL-6. Standard curves 

were used to calculate cytokine concentration, and data are based on duplicate samples and 

representative of two independent experiments.

CTL assays.

A flow cytometry based assay was used to measure the cytolytic activity of the CAR T 

cells. 105 DR1-CII or DR1-HA CAR T cells were co-cultured in 300 μl RPMI medium in 

a 96 well microtiter plate with 104 cloned DR1-restricted T cells for a 10:1 effector:target 

(E:T) ratio. Targets consisted of T cell hybridomas specific for either the CII peptide 

(GIAGFKGEQGPKGEP) or the HA peptide (PKYVKQNTLKLAT). After 4 hr at 37° C, 

cells were collected from the wells and stained with anti-CD8-APC-Cy7 (clone 53-6.7, 

BD), anti-BV14-FITC (clone 14.2, BD), anti-CD4-PerCP-Cy5.5 (clone RM4-5, Tonbo), 

anti-BV8-PE (clone F23.1, BD), anti-HLA-DR-Pacific Orange (clone LB 3.1), and DAPI 

(Sigma) was added just prior to analysis for exclusion of dead cells. Data analyses were 

focused on live cells (DAPI negative), HLA-DR1 negative, CD8 negative, and CD4+/BV14+ 

(HA specific) or CD4+/BV8+ (CII-specific) T cells.
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Results

Genetic engineering and expression of HLA-DR1 CAR.

A chimeric receptor for expression in CD8+ T cells was designed using HLA-DRB1*01:01 

and HLA-DRA1:01:01 cDNA in which the transmembrane and cytoplasmic domains were 

replaced with corresponding domains from CD28 and CD3ζ, respectively, to provide 

activation and signaling to the CD8+ T cell (Figure 1A). In addition, the second domains 

of the HLA-DR chains were replaced with corresponding domains from the murine I-E α 
and β chains to enable interaction with murine CD4 (9), and cDNA encoding an antigenic 

peptide was inserted near the amino terminus of the DRB1 chain (Figure 1B) (11). This 

design was selected to provide the highest potential affinity between the DR1 CAR molecule 

and the TCR expressed by CD4+ T cells, and to provide antigen specificity to the CAR T 

cell targeting and subsequent lysis of the CD4+ T cells.

Using replication deficient retrovirus produced from the MSGV1-28z mut1-3 (MSGV) 

expression vector containing the DR1 CAR, mouse CD8+ T cells from B6.DR1 mice were 

transduced and expression of the DR1-CII CAR molecule was assessed by flow cytometry 

(Figure 1C). Transduction results were similar for the DR1-HA and the DR1-empty CAR 

constructs (Figure 1B, and data not shown), and overall efficiencies ranged from 25 to 

50%. Given the dependency of the anti-DR antibody on tertiary structure, these data 

indicated that the DR1 CAR molecule was folded in a native state. While anti-CD3/CD28 

stimulation of the DR1 CAR T cells allowed us to maintain the CAR T cells and to 

expand their number (Figure 1C, lower panels), we found that stimulation directly through 

the CAR molecule with an anti-DR antibody selectively enriched for the CAR T cells. 

These data support the concept that intracellular signaling is occurring through the CAR 

to the CD8+ T cell, however subsequent re-stimulation of the CAR T cells with anti-DR 

antibody alone was insufficient to maintain the CAR T cell line over prolonged periods 

(data not shown). Consequently for the remainder of our experiments, the first stimulation 

post transduction was done with anti-DR antibody to enrich for the CAR T cells, and all 

subsequent stimulations were done with anti-CD3/CD28 antibodies to expand the cells for 

experimental use.

Specificity of the DR1 CAR molecule and functional activity of the DR1 CAR T cell.

To demonstrate that the DR1 CAR molecule was recognized by DR1-restricted TCR, 

antigen presentation assays were performed with T cell hybridomas specific for the 

immunodominant determinant of type II collagen, CII(259–273), or a hemagglutinin 

peptide, HA(306–318), presented by DR1. 293T cells that had been transfected with the 

DR1 CAR molecules were mixed with the T cell hybridomas and IL-2 production by 

the T cells was measured as an indication of TCR recognition of the CAR molecule. As 

shown in Figure 2, DR1 CAR molecules that have the CII peptide covalently attached to 

the DRB1 chain (DR1-CII CAR) are recognized by DR1-restricted CII-specific T cells 

but not HA-specific T cells in the absence of exogenous added antigen. CAR molecules 

that are “empty” of an antigenic peptide (DR1-CAR) are not recognized by these T cells, 

however, the addition of exogenous CII peptide to the cells expressing the DR1-CAR 

enabled stimulation of the CII-specific T cells. Thus these data demonstrate that the DR1 
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CAR molecule is in a native conformation that is recognized by CD4+ T cells in an antigen 

specific manner.

When the DR1 CAR CD8+ T cells were tested for cytolytic function, the CAR T cells were 

found to be active CTL and lysed CD4+ T cells in antigen specific manner. Using a flow 

cytometric assay, CII-specific (TCR-BV8+) and HA-specific (TCR-BV14+) T cells were 

incubated with either DR1-CII or DR1-HA CAR T cells at a 10:1 E:T ratio for 4 hours, 

and the cultures were then analyzed for CD8 negative, DR1 negative, and BV14+ and BV8+ 

cells (Figure 3). The CII-specific and HA-specific target cells were mixed at a 1:1 ratio, 

and after 4 hr in the absence of CAR T cells, were still found to be present in roughly 

equal numbers (Figure 3A). While the addition of non-transduced (NT) CD8+ T cells to the 

cultures had no effect on either the BV8+ (CII-specific) or BV14+ (HA-specific) target cell 

populations (Figure 3B), the addition of the CAR T cells resulted in the elimination of the 

target cells in an antigen specific manner. The DR1-CII CAR T cells effectively lysed the 

BV8+ CII-specific T cells and not the BV14+ HA-specific T cells (Figure 3C), while the 

DR1-HA CAR T cells lysed the HA-specific T cell but not the CII-specific T cells (Figure 

3D). Similar results were observed using 51Cr-release cytolytic assays (data not shown). 

Summaries of these data and their statistical analyses are shown in Figures 3E and 3F. In all, 

these data demonstrate the lytic functionality of the DR1 CAR T cells and the specificity of 

the DR1 CAR in targeting CD4+ T cells in a manner that reflects the TCR specificity of the 

CD4+ target cells.

In vivo activity of the DR1 CAR T cells.

Given that the in vitro CTL data indicated the therapeutic potential of these CAR T cells, we 

tested their ability to inhibit an antigen specific T cell response in vivo. B6.DR1 mice were 

immunized with either CII or the HA peptide, treated with 2 × 106 DR1-CII, or DR1-HA 

CAR T cells, or NT CD8+ T cells as control, on day 4 and 7 after immunization. On day 

11, T cells from draining lymph node were recovered and tested for their ability to be 

re-stimulated by antigen in an in vitro proliferation assay. As shown in Figure 4A, mice 

immunized with CII and treated with DR1-CII CAR T cells had a significantly reduced 

T cell proliferative response (p < 0.03). While the effect varied among the CAR T cell 

treated mice, with some mice having a 50% reduction to others a near total reduction, all 

showed a definitive therapeutic effect on the autoimmune CII T cell response. Similar data 

was obtained from DR1 CAR T cells that had been in culture for 6 days or 76 days (data 

not shown). The efficacy of this CAR T cell approach was not limited to autoimmune T 

cell responses. Treatment of HA immunized B6.DR1 mice with DR1-HA CAR T cells 

also effectively reduced the T cell response to this foreign antigen (Figure 4B, p < 0.004). 

While in both of these experiments some T cell responses were still observed in the DR1 

CAR T cell treated mice (Figures 4A and 4B), increasing the number of DR1 CAR T cells 

administered did not enhance the overall effect (Figure 4C). While all 3 doses of DR1-CII 

CAR T cells significantly reduced the in vivo T cell response to CII in comparison to the 

NT control cells (p < 0.05), treating mice twice within 10 days with the highest number of 

DR1-CII CAR T cells (6 × 106) did not result in a complete elimination of the CII-specific T 

cell response in the DR1 mice. The small proliferative response still detectable indicated that 

not all CD4+ CII-specific T cells had been eliminated in vivo by the DR1 CAR T cells.
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Inhibition of autoimmune arthritis by DR1-CII CAR T cells.

Given the ability of the DR1-CII CAR T cells to downregulate an autoimmune T cell 

response, we tested their ability to prevent the development of autoimmune arthritis in the 

B6.DR1 mouse model of rheumatoid arthritis (9). Mice were immunized with CII, and on 

days 7, 14 and 21 after disease induction they were treated with either 2 × 106 DR1-CII 

CAR T cells, or NT CD8+ T cells as a control, or left untreated. Mice were then examined 

3 times per week for the presence and severity of arthritis in both fore and hind limbs. 

In comparison to the ≥ 80% disease incidence in the 2 control groups (NT CD8+ T cells 

and untreated, Figure 5A), mice receiving the DR1-CAR T cells had a 50% reduction in 

the incidence of autoimmune arthritis that was statistically significant (p < 0.05 by Fisher 

Exact test) at nearly every time point (Figure 5). For the DR1-CII CAR treated mice that 

did develop disease, the onset was delayed in comparison to controls. While the effect of 

the DR1-CII CAR T cells in this model was statistically significant, 40% of the mice still 

developed disease by the later time point (Figure 5A). However the arthritis severity in these 

DR1-CII CAR T cell treated mice was generally lower than that of the arthritic mice in 

the untreated and NT CD8+ T cell control groups (Figure 5B). Given that the CAR T cell 

treatment ended as the arthritis first began to develop in the CAR treated mice, these data 

imply that the DR1-CII CAR T cells may have a short half-life in vivo. As noted for the T 

cell proliferation studies, similar arthritis incidence data were obtained using CAR T cells 

that were maintained in culture for short periods (23 days) or long periods (> 70 days).

Autoimmune arthritis in the B6.DR1 mouse model is dependent on both a CD4+ T cell 

response to the autoantigen, CII, as well as a B cell response in the production of pathogenic 

autoantibody to CII (9, 17). Consistent with the inhibition of both the autoimmune T cell 

response (Figure 4) and the inhibition of autoimmune arthritis (Figure 5), the autoantibody 

levels in the mice treated with the DR1-CII CAR T cells were also significantly reduced 

in comparison to the control groups (Figure 6). At all 3 time points measured, the anti-CII 

autoantibody response was statistically reduced (p ≤ 0.02) by more than 50% in comparison 

to both the untreated mice and those treated with the control NT CD8+ T cells (Figure 

6). In all, these data demonstrate that CAR T cells expressing HLA-DR as a chimeric 

receptor have the potential to be a highly specific therapeutic modality for the treatment of 

autoimmune disorders.

While the DR1-CAR T cells were effective in reducing autoimmune disease manifestations, 

the CAR T cells did not appear to undergo significant expansion in vivo. Enumeration of 

the CAR T cells by flow cytometry after therapeutic administration indicated that CAR T 

cells were only detectable a short time after passive transfer. As shown in Figure 7, 4 days 

after adoptive transfer, the DR1-CII-CAR T cells could be detected in lymph nodes (4.9% 

DR1+/CD8+ T cells) and in the spleen (2.1%), and possibly in the blood at a very small 

percentage. However by day 10, they were no longer detectable by this approach in any of 

these tissues. These data imply that the DR1-CII CAR T cells are not strongly stimulated to 

expand in vivo, as is necessary for successful therapy with CAR T cells used to treat cancer 

(18, 19). This observation is consistent with the concept that the CD4+ CII-specific T cells 

that are the targets for the DR1-CII CAR T cells are in low frequency (11, 20), thus it is 

likely that only a small number of these CAR T cells undergo expansion in vivo.
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Functional phenotype of the HLA-DR1 CAR T cells.

The structure of our CAR differs substantially from those used in cancer therapy in that 

the DR1-CAR is a two chain molecule, each with its own activation and costimulatory 

domains (Figure 1). To analyze how this affects the cell signaling through the DR1-CAR in 

these T cells, we analyzed cytokine production following simulation of these cells through 

their CAR molecule compared to pan stimulation with anti-CD3 and anti-CD28 antibodies. 

As shown in Table 1, cytokine production via stimulation through DR1-CII CAR was 

very similar to anti-CD3/CD28 stimulation in terms of the production of TNFα, IFNγ, 

IL-6, IL-10, and IL-17A, although some differences were observed with the stimulation 

of DR1-HA CAR T cells using these two stimulations, particularly TNFα production. It 

is unclear why these two CARs would differ in cytokine production, given that both are 

identical with the exception of the nature of the peptide bound by the DR 1st domains. 

In all, these data indicate that the signaling domains are functional, and that stimulation 

of these T cells through their CAR does not appear to differ from that generated through 

CD3/CD28 stimulation, at least when antibody is used to stimulate. However, given that the 

DR1-CAR cell lines could not be maintained by repetitive stimulation through the CAR with 

an anti-DR antibody indicates that, despite the cytokine production, some signaling aspect is 

different when initiated through the CAR molecule in comparison to signaling through the 

endogenous CD3 and CD28 cell membrane proteins.

To determine if the expression of exhaustion markers was playing a negative role in the 

function of the DR1-CAR T cells (21), CAR T cell expression of PD1, Tim-3, and CD69 

was measured at several time points after these cell lines were established. Like most 

other CAR T cells, the expression of these exhaustion markers by our DR1-CII CAR cells 

increases over time in culture (Figure 8). By day 10 post transduction, 34% of the cells 

have acquired Tim-3+ expression, and by day 23 nearly all of the cells express Tim-3 and 

continue to express this marker through at least day 65 (Figure 8A). Only a small percentage 

of these cells express PD-1 through day 23, and reach 50% by day 37 and maintain this level 

through day 65. Similarly, more than 50% of these CAR T cells express CD69 by day 10 

and stay at that level until day 37 after which nearly all of the cells are CD25+/CD69+. The 

memory phenotype of these CAR T cells initially included CD62L+ stem cell type (TSCM), 

but this was quickly lost in culture as the phenotype became predominantly CD44+/CD62L 

negative T effector (TEFF) by Day 17.

Despite the expression of these exhaustion and CTL phenotypic markers there was no loss 

of their cytolytic function using either CD4+ CII-specific T cell lines (Figure 9) or naïve 

CII-specific T cells from a TCR transgenic mouse (data not shown) (22) as targets. Short 

term cultured cells lysed CD4+ target T cells with similar efficiency as long term cultured 

CAR T cells that had now acquired exhaustion marker expression, and similar data was 

observed when comparing efficacy of short term and long term cultured cells in preventing 

the development of autoimmune arthritis. Our analysis of these target cells revealed that 

they do not express PD-L1, the ligand for PD-1, indicating that this exhaustion marker is 

likely not inhibiting the activity of our CAR T cells in vivo, unlike cancer therapy where 

PD-1/PD-L1 interactions play a significant inhibitory role in CAR T cell efficacy in vivo 
(23).
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Discussion

The results of these studies demonstrate the potential utility of CAR T cells in treating 

autoimmune disorders. Using a humanized mouse model of RA, we have shown that 

chimeric MHC class II molecules can be used to construct CAR T cells that target and 

lyse CD4+ T cells in an antigen specific manner in vivo. By encoding the immunodominant 

peptide for CII in the HLA-DR1 CAR molecule, the DR1 CAR T cells downregulated both 

the CII-specific CD4+ T cell response and the CII-specific autoantibody response, resulting 

in a significantly reduced incidence of autoimmune arthritis in the B6.DR1 mouse model 

of RA. The antigen specificity of the CAR T cell was devised by encoding an antigenic 

peptide as part of the DRB1 chain construct (24), and as was demonstrated using a second 

antigenic peptide HA(306–318), the specificity of the CAR T cell was easily reprogramed 

by changing this peptide sequence. Based on the cytokines produced by ligation of the 

DR1 CAR molecule with an anti-DR antibody, our CAR construct with CD28-CD3ζ 
transmembrane and cytoplasmic costimulatory domains is capable of generating TCR-like 

signaling events in CD8+ T cells. While cytokines characteristically expressed by CD8+ 

T cells were produced by this approach, periodic anti-CD3/CD28 stimulation in vitro was 

required to maintain the DR1 CAR T cells in culture, as repeated signaling through the DR1 

CAR was insufficient to maintain the DR1 CAR T cells. In vitro stimulation of the CAR T 

cells with a combination of anti-CD3/CD28 did drive the expression of Tim-3, PD-1, and 

CD69, markers associated with CD8 T cell exhaustion, although we saw little to no effect 

of the expression of these markers on the function of the DR1 CAR T-cells. DR1 CAR T 

cells maintained in culture for > 90 days were as effective in inhibiting both the autoimmune 

response and the development of arthritis in vivo as CAR T cells maintained for only 6 to 

25 days, and we have seen no loss of their cytolytic function in vitro with a variety of target 

cells after their expression of these markers. In all, these data demonstrate the therapeutic 

potential for an antigen specific therapy using engineered HLA based CAR to target and lyse 

autoimmune CD4+ T cells.

Our HLA-DR CAR T cell therapy differs in a number of ways from the anti-CD19 CAR T 

cells used in cancer therapy. CAR molecules designed for cancer therapy are primarily based 

on genetically engineered antibodies, scFv single chain molecules composed of the heavy 

and light chain variable regions (8). These scFv have only 1 transmembrane and cytoplasmic 

domain hence a single CD28/CD3ζ activation and costimulatory complex in the CAR 

molecule. HLA-DR molecules are composed of two chains, an α and β, and each chain 

has its own transmembrane and cytoplasmic (TM/Cyto) domains. The constructs used in our 

studies replaced the endogenous TM/Cyto in each of these chains with corresponding CD28-

CD3ζ signaling domains. How this affects the function of our DR1 CAR in comparison to 

the scFv CARs is currently unknown. While it might be anticipated that such a design would 

double the signaling strength upon engagement of the DR1 CAR by the TCR, we have seen 

no evidence of this in our preliminary signaling studies measuring ZAP-70 phosphorylation 

(ZAP-70p, K. Whittington and E. Rosloniec, unpublished observation). Although we have 

CD28/CD3 signaling domains on both the DR1 chains, it is not clear if both are participating 

in the generation of ZAP-70p. It is also possible that inclusion of signaling domains on 

both chains generates steric hindrance for the phosphorylating enzymes and limits the 
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CD28-CD3 ζ signaling events in the DR1 CAR CD8+ T cells. Assessing the signaling 

events that occur through the DR1 CAR will be paramount to optimizing therapeutic use 

of these CAR T cells. Given several differences between the DR1 CAR and the scFv CAR 

including affinity and membrane density, it is possible that the TM/Cyto signaling domains 

required for optimal CD8+ T cell activation through the DR1 CAR will be different than the 

CD28-CD3ζ signaling domains often used with scFv CAR.

CAR T cell therapy in cancer is dependent on three primary outcomes in vivo – activation, 

expansion, and persistence via maturation of the CD+8 T cell to a stem cell memory 

phenotype (TSCM) (25, 26). While our DR1 CAR T cells demonstrated function in vivo, 

we were unable to detect evidence of expansion implying that persistence to a memory 

phenotype did not occur. Two factors that are likely playing a role in this outcome are 

frequency of the target cells and affinity of the DR1 CAR for the TCR on the target cells. 

In terms of frequency, antigen stimulated CD4+ T cells comprise a very small percentage of 

total CD4+ T cells in the mouse, even during an active autoimmune disease. Our previous 

studies using a DR1-CII tetramer to analyze the T cell response in B6.DR1 mice with 

autoimmune arthritis indicated that only 1 to 4% of CD4+ T cells are specific for the 

immunodominant determinant of the CII autoantigen, and these comprise 1% or less of the 

total lymphoid population (11). In terms of the number of target cells for the CAR T cells 

in vivo, this is a target frequency that is orders of magnitude less than the target frequency 

of the anti-CD19 CAR T cells used for cancer therapy. Second, the affinity of the DR1 

CAR for its target cells is likely significantly lower than the affinity of the antibody-based 

scFv CARs for their ligand. The affinity of MHC class II and class I binding by TCR is 

considered to be 10 to 100 fold lower than the affinity of antibody for antigen (27, 28), and 

how this difference in affinity affects the ability of the CAR to initiate T cell stimulation and 

function is unknown. Recent studies of CAR signaling focused on protein phosphorylation 

by Salter et al. have indicated that signal strength is a key determinant in the fate of CAR T 

cells after adoptive transfer (29). While sufficient stimulation of the CAR T cell is required 

for its cytolytic activity, too much stimulation tends to drive the CAR T cell to an exhaustion 

phenotype with less than optimal persistence for long term efficacy. To address this issue, 

new 2nd and 3rd generation signaling domains have been developed for CARs to moderate 

signal strength for enhanced clinical efficacy (30), and some have been found to improve 

clinical CAR T cell expansion and persistence (31). Investigation of these new domains with 

our DR1 CAR may prove beneficial for its function, although given the lower affinity of our 

CAR with its receptor it is likely that enhanced signaling through these new domains will 

be the goal. This concept is supported by our observation that continuous stimulation of the 

DR1 CAR T cell through the DR1 CAR was insufficient to maintain these cells in culture 

over extended periods.

The development of CAR T cells for the treatment of other autoimmune diseases has 

been described by several investigators with a variety of results (32). For the treatment 

of pemphigus vulgaris, a CAR T cell expressing a construct encoding the autoantigen 

desmoglein fused to CD137-CD3ζ signaling domains was designed to target B cells that 

produce the autoantibody for desmoglein (33). A high degree of success was achieved 

with the desmoglein CAR T cells in treating a mouse model of pemphigus, although the 

model is based on CAR T cell targeting of passively transferred B cell hybridomas, and 
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not endogenous autoimmune B cells. Two CAR T cell studies also have been described 

for the treatment of autoimmune diabetes. In one study, a CAR based on an antibody 

that recognizes an MHC class II:peptide complex linked to CD28-CD137-CD247 signaling 

domains was used to target the antigen presenting cells involved in stimulating autoimmune 

CD4+ T cells in diabetes (34). In a second approach, Fishman et al., developed CAR T 

cells that target autoimmune CD8+ T cells in diabetes using an MHC class I CAR linked 

to antigenic-peptide/β2m/CD3-ζ domains (35). Similar to our studies, both of these CAR 

T cells significantly reduced the incidence of autoimmune disease, but neither generated a 

durable or curative therapy. As with our CAR T cells used to treat autoimmune arthritis, the 

target cells for the diabetes CAR T cells are very small in number, and reside predominantly 

within lymphoid tissue. The combination of the low frequency of the target cells and their 

location in solid tissue may result in the inability of CAR T cells to achieve the activation, 

expansion, and persistence necessary for high therapeutic efficacy. This problem is similar 

to the use of CAR T cells in cancer therapy when the target frequency is low and/or the 

targets are in solid tissue (36, 37). Both in our CAR studies and in the diabetes CAR studies, 

expansion and persistence appear to be lacking, suggesting that different costimulatory 

domains for these CARs may be needed to achieve these functional goals. Recent studies 

of costimulatory domains used in CAR T cells for cancer therapy suggest that the use of 

ICOS and 4–1BB domains (38) or a mutation in the CD28 domain (39) might solve these 

problems.

While immunodepletion prior to CAR T cell infusion enhances the efficacy of CAR 

T cell cancer therapy (40), we were not able to include this approach in our studies. 

Immunodepletion appears to create space for the CAR T cells to take up residence within 

the lymphoid organs, and promotes activation, expansion, and persistence through the 

development of a TSCM memory phenotype (41–43). Since immunodepletion in our studies 

would also interfere with the development of the autoimmune arthritis, it would confound 

the interpretation of the CAR T cell treatment data. The inability to create this lymphoid 

space may also explain why infusing more CAR T cells did not enhance the efficacy of 

the CAR T cell treatment in our autoimmune arthritis model. However, for treatment of 

patients with autoimmune disorders, immunodepletion could be used prior to CAR T-cell 

treatment, as an acute immunosuppression in combination with CAR T cell therapy would 

likely provide significant benefit in treating the disease.

In summary, the ability to target T cells in an antigen specific manner would represent a 

significant advancement in immunotherapy of autoimmune diseases, and the data presented 

here demonstrate the feasibility of achieving this goal using HLA-DR engineered CAR T 

cells. By targeting the CD4+ T cells that drive the autoimmune response in our model 

of RA, the T cell and B cell components of this autoimmune disease were significantly 

suppressed as well as the incidence of disease, clearly indicating the therapeutic potential 

of this approach. Additionally, these data also demonstrate the flexibility of CAR T cell 

design and the potential utility in treating a variety of diseases. While design of CAR for 

producing engineered T cells is highly attractive for therapeutic use, the optimal signaling 

domains to be used are likely to be highly variable based on several factors including target 

frequency, affinity between the CAR and its ligand on the target cells, and the necessity 

for long or short term CAR T cell function in vivo. Combining the knowledge of these 
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functional components with recent advancements in the regulation of CAR T cells after 

adoptive transfer, both in terms of turning them on and off (44–46) or activating them 

via exogenous stimuli (47, 48), has significant potential in the generation of new, highly 

effective immunotherapies.
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Key Points

1. HLA-DR can be engineered to function as a CAR molecule in CD8+ T cells

2. CD8+ T cells expressing HLA-DR1 CAR molecules efficiently lyse CD4+ T 

cells in vivo

3. HLA-DR1:CII-peptide CAR T cells inhibit the development of autoimmune 

arthritis
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Figure 1. Molecular design of the HLA-DR1 CAR molecule for targeting CD4+ T cells.
A. The HLA-DR1 CAR molecule consists of HLA-DR 1st domains, an antigenic peptide 

covalently linked to the DRB1 chain, second domains from I-Ed to enable murine CD4 

interaction, and CD28 trans-membrane/costimulatory and CD3ζ activation domains to 

deliver signals to the CD8+ CTL. The first domains of the HLA-DR1-peptide complex 

serves as the ligand for the TCR expressed by CD4+ autoimmune T cell targets. Once these 

cells interact, the CTL is activated by signaling through the CD28/CD3ζ domain, and the 

attached CD4+ T cell is lysed. B. The cDNA construct of the HLA-DR1 CAR is based 
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on the construct expressed by our DR1 Tg mouse that enables mouse CD4 interaction. In 

constructs 1 and 2, cDNA encoding an antigenic peptide and linker was added to the DRB1 

chain. Transmembrane (TM) and cytoplasmic (Cyt) domains of the DRB1 and DRA1 chains 

are replaced with corresponding CD28 and CD3ζ domains enabling intracellular signaling 

through the DR1 molecule. The DRB1 and DRA1 chains are separated by a ribosome 

skipping T2A sequence allowing both chains to be expressed off the same promoter as 

a single mRNA that is translated as two separate peptide chains. C. For expression of 

DR1 CAR in T cells, purified CD8+ T cells were transduced with the MSGV vector 

encoding the chimeric DR1 construct or mock transduced (control). Data shown are from 

the DR1-CII construct, and similar results were observed with transduction of the DR1-HA 

and DR1 empty constructs. Seven days after transduction, cells were stimulated with either 

antibodies to CD3 and CD28, or with an antibody to DR (LB3.1). Cells were stained with 

anti-CD8-FITC and anti-DR-Alexa 647 (antibody L243) and analyzed by flow cytometry. 

Stimulation of the CAR T cells in culture through the CAR molecule using the anti-DR 

antibody significantly enriched for CAR expressing cells.
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Figure 2. The DR1-CAR expressed by transfected cells is recognized by CD4+ T cells in an MHC 
restricted, antigen specific manner.
The chimeric DR1 molecules were transfected into 293T cells and tested for their ability 

to be recognized as antigen specific ligands using T cell hybridomas specific for CII or 

HA peptide. The DR1-CII chimeric molecule was recognized by the CII-specific CD4+ 

T cells (■ bars) as indicated by the production of IL-2, but not by the HA-specific T 

cells. CAR T-cells expressing empty DR1 (DR1-CAR) did not stimulate the CII-specific 

T cells unless the CII peptide was added exogenously to the cultures (■ bars). In both 

instances, the positive response of the two CAR T-cells were similar to that observed using 

spleen cells as APC from B6.DR1 mice (☐ bars). These data indicate that the chimeric 

DR1-CII-CD28-CD3 CAR molecule functions as an MHC restriction element. Experiment 

was repeated at least 3 times; error bars indicate standard error of the mean (SEM); ★ 
indicates p value < 0.0001.
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Figure 3. DR1-CII and DR1-HA CAR T cells lyse CD4+ T cells in an antigen specific manner.
CD8+ T cells were transduced with vectors encoding the DR1-CII or DR1-HA CAR and 

the resulting T cells were incubated with a mixture of CII-specific and HA-specific T cell 

hybridoma clones at 10:1 effector:target ratio. After 4 hours, the cells were labeled with 

fluorochrome labeled antibodies specific for CD8, DR1, TCR-BV8, and TCR-BV14, stained 

with DAPI, and analyzed by flow cytometry. A. Target cells in the absence of CAR T 

cells, showing roughly an even mix of target cells in the assay. The CII-specific T cells 

express TCR-BV8, while the HA-specific T-cells express BV14. B. Target cells mixed with 
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non-transduced CD8+ T cells. No lysis of target cells was observed. C. DR1-CII CAR 

T-cells lyse the T cells specific for CII (0.75% BV8+), but not the HA-specific T cells 

(98.9% BV14+). D. DR1-HA CAR T cells lyse the HA-specific T cells (1.7% BV14+), but 

not the CII-specific T cells (97.9% BV8+). E and F. Summary of at least 6 experiments 

each for the cytolytic efficacy and specificity of the DR1-CII and DR1-HA CAR T cells. 

Each CAR T cell was highly effective in lysing its appropriate target cell (★ indicates p 
value <0.00001), whereas NT CD8+ T cells had no effect on the targets. Error bars indicate 

standard deviation. Data are based on DAPI negative, CD8 negative, and DR negative gates 

in the flow cytometry data.
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Figure 4. DR1 CAR T cells suppress CD4+ T cell responses in vivo.
B6.DR1 mice were immunized with CII/CFA or HA/CFA, and on days 4 and 7 mice 

were treated with 2 × 106 DR1-CII or DR1-HA CAR T-cells or non-transduced CD8+ 

T cells as the negative control. Four days after the last treatment, draining lymph node 

cells were collected, and tested for their ability to be re-stimulated in vitro with various 

concentrations of CII or HA peptide in a T cell proliferation assay. A. Mice immunized 

with CII/CFA and treated with DR1-CII CAR T cells. Mice receiving the NT control CD8+ 

T cells developed a strong T cell proliferative response when re-stimulated with the CII 
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peptide (black lines, 3 individual mice). In comparison, mice treated with the DR1-CII CAR 

T-cells had significantly reduced proliferative responses (grey lines, 3 different mice, p < 

0.03 for 11 highest antigen concentrations in comparison to the NT control cells). B. Mice 

immunized with HA/CFA and treated with DR1-HA CAR T cells. Similar to panel A, HA - 

immunized mice treated with DR1-HA CAR T cells (grey lines) had a significantly reduced 

T cell response to HA in comparison to NT controls (black lines, p < 0.004 for 8 highest 

antigen concentrations in comparison to the NT control cells). C. Dose effect of CAR T 

cells on the suppression of the T cell response. Mice were immunized with CII/CFA and 

treated with various numbers of CAR T cells on days 5 and 10. On day 12 draining lymph 

node cells were collected, and tested for their ability to be re-stimulated with CII peptide in 
vitro. While the T cell response was suppressed in mice receiving all 3 dose of CAR T cells 

(p < 0.05 for each dose in comparison to NT control cells), no significant differences were 

observed among the 1.5 × 106, 3 × 106, and 6 × 106 CAR T cell doses. Data from these 

experiments are representative of 2 or 3 experiments each. Each experiment was repeated a 

minimum of 2 times, and data are based on quadruplicate repeats for each point. Errors bars 

indicate standard error of the means.
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Figure 5. DR1-CII CAR T cells inhibit the development reduce the severity of autoimmune 
arthritis in B6.DR1 mice.
B6.DR1 mice were immunized with CII/CFA and treated on days 7, 14 and 21 following 

disease induction with 2 × 106 DR1-CII CAR T cells, or non-transduced (NT) CD8+ T cells, 

or left untreated. Mice were observed 3 times per week for the presence of arthritis in fore 

and hind limbs. A. Mice receiving DR1-CII CAR T cells had a statistically significantly 

lower incidence of disease than both control groups (★ indicates p < 0.05 by Fisher Exact 

test, p values ranged from 0.04 to 0.0015), and had a later onset. B. In mice that developed 
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arthritis, the mean severity of the disease was decreased in comparison to control groups 

(NT CAR T cells and untreated). Data indicate mean severity score of the sum of all 4 limbs 

of only mice that developed disease. Error bars indicate standard error of the mean (SEM), 

and ★ indicates statistical significance (p ≤ 0.05 by student’s t-test). The last day of CAR 

cell treatment corresponds to the first day of disease scoring. Data are a compilation of 3 

independent experiments, n = 15 for the untreated group, n = 29 for the NT treated group, 

and n = 30 for the CAR T cell treated group.
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Figure 6. B6.DR1 mice treated with DR1-CII CAR T cells produce significantly less 
autoantibody.
Plasma was collected from mice in the arthritis experiment in Figure 5 and tested for 

the presence of anti-CII autoantibody. All mice were immunized with CII/CFA to induce 

autoimmunity to CII, and then treated with DR1-CII CAR T cells or control NT CD8+ 

T cells, or left untreated as indicated. A bead based ELISA using CII coupled Luminex 

beads was used to quantitate the antibody. A standard curve produced using affinity purified 

anti-CII antibody was used to calculate the quantity of autoantibody measured. ★ indicates p 
≤ 0.02 by Student’s t-test.
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Figure 7. Detection of CAR T cells in lymphoid tissue 4 days after adoptive transfer.
B6.DR1 mice were immunized with CII/CFA, and 7 days later, mice were treated with 2 × 

106 DR1-CII CAR T-cells or NT CD8+ T cells (negative control). Four days after treatment, 

cells from draining lymph nodes, peripheral blood, and spleens were collected, incubated 

with fluorochrome labeled antibodies specific for CD3, CD19, CD4, CD8, and DR, stained 

with DAPI, and analyzed by flow cytometry. Data shown were generated from a single 

mouse and are representative of 3 experiments. Flow data were gated on CD3+/CD19−, and 

CD4−/CD8+, and are based on a minimum of 10,000 cells analyzed.
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Figure 8. Phenotype of DR1 CAR T cells maintained in culture.
Expression of exhaustion markers PD1, CD69, and Tim-3 (panel A) and CTL memory 

markers (panel B) were measured from day 10 post transduction through day 65 in culture. 

For in vitro maintenance, the CAR T cells were seeded at 1 × 106 cells/ml in complete 

RPMI 1640 with 20 U/ml of IL-2 and were re-stimulated weekly by culture in tissue culture 

plates coated with anti-CD3 and anti-CD28 antibody (1 ug/ml). Cells were labeled with 

fluorochrome-conjugated antibodies specific for CD3, CD4, CD8, DR1, Tim-3, PD1, CD25, 

CD69 (panel A), or CD3, CD4, CD8, DR1, CD62L, and CD44 (panel B). Data shown 

were gated on CD3+, CD4−, CD8+, and DR+ and are based on a minimum of 10,000 cells 

analyzed. Data are representative of 6 different CAR T cell lines.
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Figure 9. CTL activity of DR1-CII CAR T cells maintained in culture.
CTL activity of the CAR T cells was measured using a flow cytometry based assay. CAR T 

cells and target cells (CII-specific T cell hybridoma) were mixed at a 2:1 effector to target 

ratio, and CTL lysis measured at 4 and 24 hrs. Despite the expression of exhaustion markers, 

DR1-CII CAR T cells were active as CTL in the lysis of CD4+ T cells to similar levels from 

day 20 through day 62 in culture. To measure lysis, cells were labeled with fluorochrome 

conjugated antibodies specific for TCR-BV8.3 (marker for CII-specific T cell targets), CD8, 

and DR, and data are based on gates with a minimum of 10,000 cells analyzed. Data are 

representative of a minimum of 3 different CAR T cell lines.
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Table 1.

Cytokines produced by DR1 CAR T cells following stimulation with antibody to HLA-DR1 or antibodies to 

CD3 and CD28.

Cytokine, pg/ml

CAR T cell Stimulation TNF α IFNγ IL-6 IL-10 IL-17A

DR1-CII anti-DR1 5583.9 ± 1431.5 >15,000 54.5 ± 8.3 132.5 ± 35.3 2.6 ± 0.7

DR1-CII anti-CD3/CD28 5650.2 ± 538.7 >15,000 70.7 ± 6.1 184.2 ± 37.1 2.7 ± 0.6

DR1 CII none 29.0 ± 14.8 13.4 ± 1.9 –* 34.6 ± 18.7 – *

DR1-HA anti-DR1 145.0 ± 20.2 >15,000 8.5 ± 0.9 122.9 ± 23.4 2.5 ± 0.5

DR1-HA anti-CD3/CD28 3381.0 ± 1008.5 >15,000 40.4 ± 3.2 366.7 ± 31.1 3.8 ± 0.4

DR1-HA none 106.6 ± 99.4 29.9 ± 12.2 4.3 ± 3.8 133.0 ± 127.2 3.5 ± 2.6

*
Below detection level
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