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Abstract

The co-inhibitory receptor lymphocyte activation gene 3 (LAG-3) is an immune checkpoint
molecule that negatively regulates T cell activation, proliferation, and homeostasis. Blockade

or deletion of LAG-3 in autoimmune-prone backgrounds or induced-disease models has been
shown to exacerbate disease. We observed significantly fewer LAG-3+ CD4 and CD8 T cells from
subjects with relapsing-remitting multiple sclerosis (RRMS) and type 1 diabetes. Low LAG-3
protein expression was linked to alterations in mMRNA expression and not cell surface cleavage.
Functional studies inhibiting LAG-3 suggest that in RRMS subjects, LAG-3 retains its ability to
suppress T cell proliferation. However, LAG-3 expression was associated with the expression of
markers of apoptosis indicating a role for low LAG-3 in T cell resistance to cell death. In T cells
from RRMS subjects, we observed a global dysregulation of LAG-3 expression stemming from
decreased transcription and persisting after T cell stimulation. These findings further support the
potential clinical benefits of a LAG-3 agonist in the treatment of human autoimmunity.
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Introduction

Autoimmune diseases are chronic and debilitating and affect more than 20 million people

in the USA (1). Although immunotherapies have greatly improved treatment, we are

still unable to prevent or cure autoimmune disease. An understanding of the molecular

and cellular mechanisms underlying the loss of tolerance and progression to autoimmune
disease is crucial to move this field forward. Here, we investigate the role of the inhibitory
receptor, lymphocyte activation gene-3 (LAG-3) in two organ-specific autoimmune diseases:
relapsing remitting multiple sclerosis (RRMS) and type 1 diabetes (T1D). Inhibitory
receptors (IRs) counterbalance co-stimulatory signals and prevent excessive effector T

cell activation contributing to autoimmunity (2). Consequently, the expression of IRs is
necessary to promote appropriate self-tolerance, but overexpression can lead to an inability
of T cells to mount effective immune responses against tumors or pathogens (3). This critical
role in regulating immune responses has made IRs an attractive target for immunotherapy
especially in the setting of cancer — where targeting CTLA-4 and PD-1 have been highly
successful. More recently, clinical trial results from combination LAG-3/PD-1 immune
checkpoint inhibition in patients with melanoma doubled the progression-free survival time
compared to PD-1 blockade alone, underscoring the value of targeting LAG-3 in the clinic
(4). Despite the clinical success of immune checkpoint inhibition in the treatment of cancer,
these therapies are considered dangerous for the treatment of patients with underlying
autoimmunity (5, 6) and have been associated with both disease relapse and death in patients
with multiple sclerosis (MS) (7).

To date, almost all of the work investigating the role of LAG-3 in autoimmunity has been
done in murine models. Experimental autoimmune encephalomyelitis (EAE) is a commonly
used murine model for the inflammatory demyelinating disease, MS, and is considered a
prototype for T cell-mediated autoimmune disease. In studies of the myelin oligodendrocyte
glycoprotein (MOG)-specific TCR transgenic mouse EAE model, the upregulation of
LAG-3 on myelin-specific CD4+ gut-induced intraepithelial lymphocytes that migrate to
the CNS is required to reduce disease severity (8). The role of LAG-3 shedding in the
context of EAE has also been explored as the inhibitory function of T cells is enhanced

in non-cleavable LAG-3 (LAG-3NC) (9). Less severe EAE is seen in LAG-3NC CD4+
Foxp3- cells compared to LAG-3NC CD8 T cells or LAG-3 cleavable controls. Furthermore,
LAG-3NC on CD4+ Foxp3- T cells reduced proliferation and increased cleaved caspase

3 (cCasp3) suggesting a selective role for LAG-3NC mediating T cell functionality and
proliferation in EAE (10). In addition, studies where antigen-specific LAG-3+ Foxp3+
regulatory T cells are expanded through vaccination demonstrate enhanced suppression of
antigen-specific autoreactive effector T cells and bystander immunosuppression (11). Thus,
the LAG-3 inhibitory pathway may function to selectively immunosuppress activated T
cells through a variety of pathways that may be clinically effective in the treatment of
autoimmunity. While these studies looking at the impacts of Lag3 deletion or overexpression
provide a foundation for hypothesizing a role for LAG-3 in autoimmunity, the source and
extent of LAG-3 expression in human autoimmunity has not been investigated.

In this study, we address this gap in knowledge by investigating regulation of LAG-3
expression in primary T cells from patients with two organ-specific autoimmune diseases:
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RRMS and T1D. We explore the source of altered LAG-3 expression in these diseases and
the functional implications of this altered expression.

Materials and Methods

Human subjects and samples

All samples used in this study were from the Benaroya Research Institute Registry and
Repository. The study was approved by the Benaroya Research Institute’s IRB (protocol

no. IRB07109) and all subjects gave written informed consent. Two patient cohorts and
healthy controls were selected for these studies; both cohorts were heterogeneous with
respect to disease duration, disease activity, and therapy for RRMS and T1D. The healthy
control subjects were selected based on the absence of autoimmune disease or any family
history of autoimmunity and were age- and sex-matched to the RRMS and T1D subjects.
Individuals were diagnosed with RRMS based on the Revised McDonald Diagnostic Criteria
for MS (12). All experiments were performed in a blinded manner. Characteristics of study
participants are listed in Supplemental Table 1.

T cell isolation and culture

Thawed PBMCs were rested in serum-free X-VIVO 15 Medium (Lonza) for 1 h and
washed with PBS. Total CD3 T cells, CD4 T cells, or CD8 T cells were purified by
negative selection using magnetic-activated cell sorting (MACS) technology (Miltenyi). T
cell stimulation was carried out in 96-well flat-bottom plates (Thermo Fisher Scientific) at
2 x 10% cells/ml in 200 pl of RPMI medium (supplemented with 10% human serum, 2
mM glutamine, 100 1U/ml penicillin, 0.1 mg/ml streptomycin) with plate-bound anti-CD3
(OKT3; 1 ug/ml) and soluble anti-CD28 (CD28.2; 2 ug/ml) for 24 h.

Flow cytometry

The relevant fluorochrome-conjugated anti-human surface antibodies used were specific for
LAG-3 (R&D Systems, polyclonal goat 1gG), ADAM10 (R&D Systems, clone 163003),
ADAM17 (R&D Systems, clone 111633), CD25 (BioLegend, clone BC96), and CD95/Fas
(BioLegend, clone DX2). Dead cells were discriminated by staining with Live/Dead™
fixable blue dead cell stain kit (Invitrogen). General T cell gating strategy, gating on
LAG-3+ T cells, as well as ADAM10 and ADAM17 expression are shown in Supplemental
Fig. 1A-D. For intracellular staining, cells were stained with surface markers (here a
monoclonal LAG-3 antibody; eBioscience, clone 3DS223H), fixed in Fix/Perm buffer
(eBioscience) for 30 min., washed in permeabilization buffer (eBioscience) twice, and
stained for intracellular factors Ki67 (BD Biosciences, clone B56) and LAG-3 (R&D
Systems, clone 874512) in permeabilization buffer for 30 min. on ice. To stain for cleaved
caspase 3 (BD Biosciences, clone C92-605), cells were fixed and permeabilized using Fix
Buffer | and Perm Buffer 111 (BD Biosciences), respectively. All cells were acquired on a
LSR Fortessa (BD Biosciences) and data were analyzed using FlowJo version v10.6.2 (Tree
Star).
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LAG-3 shedding

Magnetically enriched CD3+ T cells were distributed to 96-well flat-bottom plates (Corning)
at 2 x 10° cells/ml in 200 pl of supplemented RPMI medium (10% human serum) with
plate-bound anti-CD3 (OKT3; 1 pug/ml), soluble anti-CD28 (CD28.2; 2 ug/ml), and either
the pan-metalloproteinase inhibitor TAPI or the ADAM10 inhibitor GI254023X (20 uM;
Selleck Chemicals). After 24 h, supernatants were collected and SLAG3 concentrations were
determined using the LAG-3 Human ELISA Kit (Invitrogen).

Real-time qRT-PCR

Magnetically-enriched CD4 or CD8 T cells were either rested or stimulated with plate-
bound anti-CD3 (OKT3; 1 pg/ml), soluble anti-CD28 (CD28.2; 2 ug/ml) at 1 x 106
cells/ml in 200 ul medium per well for 48 h. RNA was extracted from 6 x 10°

cells using RNAqueous™-micro total RNA isolation kit (Invitrogen) with on-column
DNA digestion (Qiagen). SuperScript 111 (Life Technologies) was used to generate
complementary DNA and gene expression was measured by multiplex real-time PCR
performed on an ABI 7500 Fast Real-Time PCR System. TagMan expression assays

for LAG3(Hs00158563_m1), PDCDI1 (Hs01550088_m1), 7/G/T (Hs00545087_m1) and
HAVCR2 (Hs00958618 m1) were used in combination with RPL36AL (Hs00733231_m1)
for normalization (ThermoFisher Scientific). Quantitative detection of LAG3ZmRNA levels
was determined by 27AACt calculations and reported relative to a Jurkat cell line (Clone
E-61; ATCC TIB-152).

LAG-3 inhibition and proliferation

PBMCs were plated at 3.75 x 108 cells/ml in RPMI medium (supplemented with 10%
human serum, 2 mM glutamine, 100 1U/ml penicillin, 0.1 mg/ml streptomycin) and a LAG-3
antagonist antibody (a LAG-3, Abcam, 17B4, 10 pg/ml) was added to select wells for 30
min. before the addition of PepTivator CMV pp65 and Adv5 hexon (Miltenyi Biotec, 175
ng/ml) and incubated at 37°C for 6 days.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism 9 and JMP software from SAS. To
assess statistical significance, a one-way ANOVA with Holm-Sidak’s multiple comparison
test with single paired variance was carried out to correct for multiple testing. Results

were expressed as medians and differences were considered statistically significant at p

< 0.05. Multiple variable and simple linear regression was performed, and the coefficient

of determination (r2) was reported stratified by patient group. Bivariate and multivariate
(partial) Pearson correlation analyses were also performed. Outliers were removed from
Figure 1 using the ROUT method (coefficient Q = 0.1%) (13).

Fewer LAG-3 positive T cells in RRMS and T1D

We measured LAG-3 cell surface expression on T cells from patients with RRMS (7= 121)
and T1D (n=104) compared to age- and sex-matched healthy control subjects (HC; n=
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69) (Supplemental Table 1, Cohort 1). T1D subjects were not on disease modifying therapies
(DMT), while 42% of RRMS subjects were treated with at least one DMT (natalizumab,
glatiramer acetate, dimethyl fumarate, interferon beta-1a and 1b). We observed significantly
fewer LAG-3+ CD4 T cells in both LAG-3 positive regulatory (CD4+ CD25hi CD127low)
and conventional CD4 T cell subsets (Fig. 1A-C). Further gating of the CD4 population
based on naive and memory markers CD45RA and CD45R0O showed fewer LAG-3+ CD4
memory cells in RRMS as compared to HC, but not in T1D (Supplemental Fig. 1E, 1F).
Altered LAG-3 expression was not limited to the CD4 T cell compartment; there were also
fewer LAG-3+ CD8 T cells in both RRMS and T1D compared to HC (Fig. 1D). While there
is generally more LAG-3 expression on memory CD8 T cells than naive, we observed fewer
LAG-3+ cells in both memory and naive CD8 T cells isolated from RRMS and T1D subjects
(Fig. 1E, 1F). In RRMS subjects, the frequency of LAG-3 expression does not appear to be
influenced by treatment with DMT (Supplemental Fig. 1G, 1H), disease flare (Supplemental
Fig. 11, 1J), age or sex (not shown). Together, these data suggest that T cell LAG-3 surface
expression is globally dysregulated in subjects with RRMS and T1D.

Lower soluble LAG-3 levels in RRMS and T1D is primarily driven by the frequency of
LAG-3+ T cells and not altered cleavage

Cell surface LAG-3 is regulated by proteolytic cleavage that results in the shedding

of soluble LAG-3 (SLAG3) (14). This cleavage is mediated by the metalloproteinases
ADAM10 and ADAM17 and is necessary for optimal T cell function (9). Since low LAG-3
cell surface expression on CD4 and CD8 T cells could be the result of enhanced proteolytic
cleavage, we measured shedding of LAG-3 in T cell supernatants after activation. For these
experiments, we selected a subset of subjects from Cohort 1 based on their resting surface
LAG-3 expression. We selected HC with a LAG-3+ T cell frequency greater than the third
quartile, and RRMS and T1D subjects with LAG-3+ frequency less than the first quartile.
We found a significantly lower concentration of SLAG3 in supernatant taken from the
RRMS and T1D cultures as compared to HC (Fig. 2A). In the same assay, we measured
metalloproteinase expression at rest and upon activation. We observed significantly lower
ADAM10 on both CD4 and CD8 resting T cells from RRMS and T1D subjects compared
to HC at rest, while ADAM10 was lower on T1D CD8 cells (Supplemental Fig. 2A; Fig.
2B). Although ADAM10 expression increased upon activation, RRMS and T1D subjects
had significantly lower ADAM10 in CD8 T cells (Fig. 2C) and RRMS subjects also had
less ADAM10 expression on CD4 T cells after activation compared to HC (Supplemental
Fig. 2B). ADAM17 was not differentially expressed in resting or stimulated T cells between
cohorts (Supplemental Fig. 2C-F). To further address whether the altered frequency of
LAG-3+ T cells could be influenced by shedding, we used metalloproteinase inhibitors to
determine if blockade of ADAM10 and ADAM17 impacted cleavage to a greater degree

in RRMS and T1D subjects. Both the pan-metalloproteinase inhibitor, TAPI-1, and the
ADAMLI0 inhibitor, GI254023X, decreased the concentration of SLAG3 in conjunction with
TCR stimulation (Fig. 2D). In cultures from RRMS and T1D subjects, the change in SLAG3
concentration after ADAM10 inhibition was comparable to that in HC (Fig. 2E). Together,
these results indicate that while ADAM10 has reduced expression in RRMS and T1D, it is
fully functional.
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After observing both decreased ADAM10 expression and fewer LAG-3+ T cells in RRMS
subjects, we addressed which of these two factors most contributed to the concentration of
SLAG3. We observed a positive correlation between the frequency of SLAG3 and surface
LAG-3 expression on CD8 T cells when pooling all subjects together (p< 0.0001, r2 =
0.6390) (Fig. 2F) and similarly in CD4 T cells (p < 0.0001, r2 = 0.4150) (Supplemental
Fig. 2G). In contrast to the correlation with LAG-3 frequency, the relationship between
ADAM10 and sLAG3 was much weaker in CD8 and CD4 T cells (Fig. 2G, Supplemental
Fig. 2H). In CD8 T cells from RRMS subjects, the weak relationship between ADAM10
expression and sLAG3 concentration suggests that altered expression of ADAM10 was not
the primary cause of altered SLAG3. From this we conclude that alterations in LAG-3
cleavage are not the primary driver of altered LAG-3 expression on T cells in T1D and
RRMS.

A linear regression analysis taking into account the surface expression of LAG-3 on CD8
T cells and cohort (HC, RRMS, T1D) found that the frequency of surface LAG-3 explains
about 66% of the variability in the concentration of SLAG3 while ADAM10 expression
and cohort type only explains 29%. Together, the frequency of surface LAG-3+ CD8 T
cells and ADAM10 gMFI explain approximately 69% of the variability in the concentration
of sSLAGS3, after controlling for cohort. The effect of adding cohort to this model had
minimal impact (4%) on the total model r-squared value. Moreover, a multivariable model
investigating interaction effects between surface LAG-3 and ADAM10 expression with
cohort demonstrated that the relationship between these two factors and the concentration
of SLAG3 did not differ between cohorts. This analysis implies that the expression of
ADAM10 only modestly contributes to the cleavage of cell surface LAG-3, regardless of
cohort.

intracellular LAG-3 protein is diminished after TCR stimulation in RRMS

LAG-3 is stored in lysosomal compartments to facilitate rapid translocation to the cell
surface following TCR stimulation; in the absence of stimulation, intracellular LAG-3 is
degraded (15, 16). To determine whether intracellular LAG-3 is low after TCR stimulation,
we used the same subset of subjects from Cohort 1 that were previously used for SLAG3
studies. To measure both surface and intracellular LAG-3, instead of using a polyclonal
antibody, we used two monoclonal LAG-3 antibodies on separate colors (R&D Systems,
874512 and eBioscience, 3DS223H). Representative flow cytometry plots show LAG-3
expression in resting (blue) and stimulated (red) CD8 T cells from HC and RRMS subjects
(Fig. 3A). Similar to our initial observations in resting T cells, following stimulation, surface
LAG-3in CD4 and CD8 T cells from RRMS subjects was significantly lower than in T
cells from HC (Fig. 3B, 3C). Intracellular LAG-3 was also significantly lower in CD4 T
cells and trended lower in CD8 T cells from RRMS subjects (Fig. 3D, 3E). While we did
not observe statistically significant differences in surface LAG-3 expression on CD4 and
CD8 T cells from T1D subjects, intracellular LAG-3 in CD8 T cells trended lower in these
subjects. These data indicate that low LAG-3 protein production in RRMS contributes to the
frequency of LAG-3+ T cells in RRMS, while in T1D there may be less intracellular LAG-3
available for cell surface expression.
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Low LAG3 mRNA expression in RRMS

To determine whether low LAG-3 protein production and ultimately fewer LAG-3+ T

cells from RRMS and T1D subjects was due to reduced transcription, we measured LAG3
MRNA levels using real-time quantitative RT-PCR. CD4 and CD8 T cells were magnetically
enriched from frozen PBMCs isolated from a smaller cohort of RRMS (n7=20), T1D (n=
15) and HC (7= 19) subjects (Supplemental Table 1, Cohort 2). In T cells from subjects
with RRMS, LAG3 mRNA expression was less than in resting CD4 (median 2.58-fold) and
CD8 T cells (2.16-fold) from HC, while no difference was observed in T1D CD4 or CD8

T cells (Figure 4A, B). We next examined the expression of LAG3after TCR stimulation
and observed an increase in LAG3transcript in all subjects. There were no differences in
expression after stimulation within CD4 T cells (Fig. 4A); however, in CD8 T cells, both
RRMS and T1D subjects expressed significantly less LAG3 after stimulation (Fig. 4B).

The expression of LAG3was not significantly different between RRMS subjects on and

off DMT (Supplemental Fig. 3A). These findings suggest that low LAG3 mRNA levels
contribute to less LAG-3 protein expression in RRMS subjects and may contribute in part to
fewer LAG-3+ CD8 T cells in T1D.

Knowing that IRs can function as a gene module in response to stimulation (3), we asked
if altered LAG3mRNA expression was part of a broader dysregulation of IRs in subjects
with T1D and RRMS. Unlike our findings with LAG3, we found no differences in the
MRNA expression of PDCD1 (PD-1), HAVCRZ (TIM3), and 7/G/T in resting CD4 and
CD8 T cells from individuals with RRMS and T1D when compared to HC (Supplemental
Fig. 3B). Further, the positive correlation between LAG3and PDCD1 transcript seen in
HC was not present in resting CD4 T cells from RRMS and T1D subjects (Fig. 4C). After
TCR stimulation, LAG3 mRNA levels were tightly correlated with 7/G/T, PDCD1, and
HAVCR?Z, indicating the relationship between LAG3and other co-inhibitory molecules is
retained upon activation, but not maintained in the resting state (Supplemental Fig. 3C).

LAG-3 inhibition enhances T cell proliferation in both HC and RRMS

To address the functional implications of fewer LAG-3+ T cells in RRMS, we first
investigated the effect of LAG-3 inhibition on T cell proliferation in samples from three
HC and three off-therapy RRMS subjects selected from Cohort 1 on the basis of high

and low surface LAG-3 expression, respectively. We measured proliferation after a six-day
peptide stimulation in the presence or absence of a LAG-3 antagonistic antibody (a LAG-3)
and observed more proliferation of LAG-3+ T cells when LAG-3 was blocked in both

HC and RRMS T cells (Fig. 5A, B). Proliferation was comparable in activated CD4 T

cells from HC and RRMS subjects (Fig. 5A); CD8 T cells from RRMS subjects were
significantly less proliferative than those from HC (Fig. 5B). While T cell proliferation was
higher after LAG-3 inhibition in both HC and RRMS, the CD8 T cells from RRMS subjects
remained hypoproliferative relative to those from HC (Fig. 5B). While these data are gated
on activated CD25+ T cells (the bulk of which are CD45RA- CCR7- effector memory),
similar differences between groups were seen in total CD4 and CD8 T cells. Additionally,
the frequency of CD25 was comparable between HC and RRMS subjects on both CD4 and
CD8 T cells (Fig. 5C, 5D). LAG-3 inhibition comparably enhanced proliferation of T cells
from RRMS and HC subjects suggesting T cell LAG-3 is functional in RRMS subjects.
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LAG-3 is associated with caspase 3 and Fas suggesting a link between LAG-3 and altered
apoptosis in RRMS subjects

Earlier studies in LAG-3-deficient mice and non-cleavable LAG-3 mutants indicate a role
for LAG-3 in promoting cell death. Furthermore, a resistance to activation-induced cell
death has been implicated in the pathogenesis of MS and disease-modifying therapies have
been shown to induce apoptosis (17-19). To determine the association of LAG-3 with
markers of apoptosis, we used surface LAG-3 expression to select the same subset of
patients from Cohort 1 as studied in Figure 2 (Supplemental Table 1) and then measured
expression of Fas and caspase 3, both of which play a central role in apoptosis. Fas, once
bound to its ligand (FasL), activates caspase 3 via caspase 8 leading to apoptosis (20). Here,
we observed a positive correlation in the expression of LAG-3 and Fas in resting CD4 and
CD8 T cells from HC, RRMS, and T1D subjects (Fig. 6A, 6B). LAG-3 inhibition decreased
the frequency of Fas on CD4 and CD8 T cells from six HC and RRMS subjects after a
six-day peptide stimulation (Fig. 6C, D).

In addition, subjects with RRMS had fewer cleaved caspase 3 (cCasp3) positive CD4 and
CD8 T cells as well as lower expression (gMFI) of cCasp3 on those cells; T cells from

T1D subjects showed similar trends (Fig. 7A-D). Within cCasp3+ cells, there was a positive
correlation between the expression of LAG-3 and cCasp3 in CD8 T cells, but notin CD4 T
cells from pooled HC, RRMS, and T1D subjects (Fig. 7E, 7F). Blocking LAG-3 decreased
the frequency of cCasp3+ CD4 T cells (p=0.014) and CD8 T cells (p=0.039) in all
subjects (Fig. 7G, 7H). As we observed in resting T cells, there were fewer cCasp3+ T

cells from RRMS subjects after stimulation and LAG-3 inhibition decreased cCasp3 to a
lesser degree. LAG-3 expression is associated with the expression of both Fas and cCasp3
suggesting that low expression of LAG-3 may contribute to resistance to cell death.

Discussion

In this study, we investigated the source and extent of LAG-3 expression in two tissue-
specific autoimmune diseases: RRMS and T1D. We found significantly lower protein
expression of LAG-3 primarily due to alterations in mRNA expression and not cell surface
cleavage in cells from subjects with RRMS and T1D. Our functional studies of the cleavage
of LAG-3 in human autoimmunity corroborate murine findings on the generation of SLAG3
primarily by the ADAM10 sheddase and demonstrate the strong association of SLAG3 with
LAG-3 surface expression.

We found fewer LAG-3+ T cells in individuals with RRMS and T1D compared to

HC. Notably, this lower expression of LAG-3 was found in all major CD4 and CD8

T cell subsets. In T cells from RRMS, lower expression of LAG-3 was predominantly

at the level of transcription, and not through post-transcriptional mechanisms such as
extracellular transport or metalloprotease cleavage. In T1D, a single mechanism was not
clearly identified, suggesting a more complex set of factors impacting LAG-3 expression
in T cells from these subjects. Our findings are consistent with the literature where low
LAG-3 expression has been linked to murine models of autoimmunity (21). While relevant
patient-based studies are largely missing from the literature, fewer LAG-3+ CD4 T cells
were recently reported in patients with active psoriatic arthritis (22). In an NOD mouse
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model, genetic deletion and LAG-3 inhibition have both been shown to accelerate the
development of autoimmune diabetes (23). In the setting of EAE, upregulation of LAG-3 on
myelin-specific CD4+ gut-induced intraepithelial lymphocytes limited disease severity (8).
Prevention of LAG-3 cleavage on CD4 T cells reduced both disease severity and the number
of pathogenic IL-17*IFN-y*GM-CSF* cells isolated from the brain (10).

We identified transcriptional dysregulation as the source of altered LAG-3 expression in T
cells from RRMS subjects. This is supported by prior studies in MS where lower LAG3
mMRNA expression in PBMCs is associated with a more severe MS outcome and increased
likelihood of progression to secondary progressive MS, while high LAG3 expression
correlates with persisting RRMS and lower disability score up to 10 years later (24).

In T1D, the role of transcription in altered LAG-3 surface expression was less clear as
LAG3transcript was only significantly decreased in CD8 T cells after activation. Altered
expression of LAG3in T cells has been shown to be the result of epigenetic dysregulation

in some cancer patients, suggesting a possible explanation for the lower frequency of
LAG-3+ T cells (25-27). In addition, although LAG3is part of an inhibitory receptor gene
module that is co-regulated under certain conditions (3); we did not observe altered PDCD1,
HAVCRZ, or TIGIT mRNA expression in resting T cells suggesting that LAG3is uniquely
dysregulated in T1D and RRMS subjects. While we did not observe a decrease in the mRNA
expression of HAVCRZin MS subjects, a functional defect in TIM-3 immunoregulation has
previously been reported to be reversed by treatment with glatiramer acetate or interferon
beta (28, 29). It is possible that our findings are influenced by the makeup of our cohort
wherein 80% of the subjects were taking DMT at the time of sample collection. Moreover,
the altered relationship between PDCD1and LAG3in CD4 T cells may be indicative of
epigenetic modifications causing a targeted change in LAG3regulation.

LAG-3 cleavage is mediated by ADAM10 and ADAML17 and is associated with the
inhibitory function of T cells (9). We examined the possibility that altered LAG-3 cleavage
may contribute to the decrease in LAG-3+ T cells from subjects with RRMS and T1D.
Differences in expression of these sheddases were limited to ADAM10, which was lower in
T cells from RRMS and T1D subjects. Furthermore, T cells from RRMS and T1D subjects
shed significantly less soluble LAG-3 after activation, which appeared to be driven by the
frequency of LAG-3+ T cells and not by altered cleavage. We concluded that ADAM10

is functional in its ability to cleave surface LAG-3 in these subjects, as inhibition of
ADAM10 and ADAM17 decreased the concentration of sSLAG3 similarly in all subjects.
Interestingly, inhibiting ADAM10 reduced the concentration of SLAG3 significantly more
than the pan-metalloproteinase inhibitor, which is less effective at blocking ADAM10; this
suggests ADAM10 is primarily responsible for the cleavage of SLAG3 from T cells in
response to TCR stimulation. This observation corroborates recent findings that LAG-3
surface expression on CD4+ Foxp3- T cells was modulated by ADAM10-mediated cell
surface shedding (10). We were surprised to observe decreased but functional ADAM10 in
T cells from subjects with low LAG-3 where cleavage was not perturbed; future studies may
explore the possibility of co-regulation between these two surface molecules.

Our functional studies implicate LAG-3 in the regulation of T cell proliferation and
apoptosis in autoimmune disease. T cells from individuals with T1D and RRMS have been
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shown to have altered responses to activation and regulation. There is broad consensus that
LAG-3 plays a role in regulating the expansion of activated T cells (30-32). Early research
posited that LAG-3 was a negative regulator of T cell activation and function with the
observation that blocking LAG-3 on CD4 T cell clones enhanced both proliferation and
Th1 cytokine production (33). In assessing whether T cell LAG-3 was functional in RRMS
subjects and how lower LAG-3 may alter the response to activation, we demonstrated that
LAG-3 blockade resulted in enhanced proliferation in a similar respect in HC and RRMS
subjects. Although we used only a small cohort for these experiments, it is interesting

that antigen-stimulated CD8 T cells from RRMS subjects not prescribed DMT proliferated
less than those from HC, both before and after LAG-3 inhibition. This may be due to
underlying or acquired defects from chronic /n vivo stimulation and independent of LAG-3
expression. Future studies may explore if dysregulated LAG-3 expression is also present in
autoreactive cells that recognize CNS antigen. Our functional assays explored apoptosis in
addition to proliferation as they relate to LAG-3 expression and inhibition. RRMS subjects
exhibited both fewer cCasp3+ T cells and lower expression of cCasp3 on those cCasp3+

T cells that correlated with LAG-3; cCasp3 was further decreased after LAG-3 blockade.
Taken together these data suggest low LAG-3 expression may be linked to the decrease

in cell death observed in T cells from RRMS subjects and possibly also T1D subjects.
Certain DMTs for RRMS have been shown to induce activation-induced cell death (18, 34)
and the resistance of T cells to Fas-mediated apoptosis has been implicated in both the
pathogenesis and prognosis of MS (17, 35, 36). We observed a modest correlation between
Fas and LAG-3 expression in resting T cells. Blocking LAG-3 decreased the expression

of Fas on T cells from both healthy and off-therapy RRMS subjects, further underscoring
the association between LAG-3 expression and Fas-induced cell death. Our studies were
generally not powered to examine the role of therapy in RRMS subjects and include subjects
both on and off therapy. Future studies could explore the role of LAG-3 expression in the
context of immuno-suppressive therapies, particularly in light of a recent pre-print reporting
the upregulation of LAG-3 in the presence of IFN-f, which is also a first-line treatment in
MS (37).

In human autoimmunity, targeting LAG-3 therapeutically could function to selectively
downmodulate activated T cells (32). Yet the efficacy of such approaches will depend in
part on the function and expression of LAG-3 on autoreactive T cells being targeted by
these therapies. Our findings indicate that LAG-3 is dysregulated in RRMS and T1D. This
LAG-3 dysregulation may contribute to the escape of autoreactive T cells in autoimmunity
by evading apoptosis. We find that the dominant source of this dysregulation is a decrease
in transcription rather than cleavage of the expressed protein. Thus, targeting LAG-3
therapeutically in RRMS and T1D should take into account the source of dysregulation. This
study further endorses the need to study human autoimmune samples in order to develop an
in depth understanding of the regulation and expression of therapeutic targets in the context
of disease.
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Key Points
. There are fewer LAG-3+ CD4 and CD8 T cells in subjects with RRMS and
TiD.
. LAG-3 protein expression is linked to alterations in mMRNA expression.

. Low LAG-3 may be associated with decreased in T cell death in RRMS

subjects.
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LAG-3 (SLAG3). (A) The concentration of SLAG3 after 48-h TCR stimulation of CD3+

T cells. (B) The gMFI of ADAM10 in unstimulated CD8 T cells and (C) after a 48-h

TCR stimulation. (D) Concentration of SLAG3 after 48-h TCR stimulation with or without
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G1254023X. (E) Concentration of SLAG3 after TCR stimulation and with ADAM10
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13. Lines shown are median and p values are shown after a (A-C) one-way ANOVA, (D, E)
paired t test, and (F, G) Spearman correlation test.
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are median, and p values are from a one-way ANOVA. Linear regressions are shown with
Pearson correlation coefficient.
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FIGURE 5.

T cell proliferation after low-dose antigen stimulation and LAG-3 inhibition. Frequency

of Ki67 after PBMC peptide stimulation (CMV/Adv5, 175 ng/ml, 6 days) in activated

(A) CD4 and (B) CD8 T cells after subtracting the frequency of Ki67 in unstimulated

T cells. Frequency of CD25 in (C) CD4 and (D) CD8 T cells. Unstimulated in blue;
peptide-stimulated in black; peptide-stimulated with aLAG3 in light gray. ® HC, A RRMS.
Pvalues are paired or unpaired t tests. Results are from a single experiment, 3 HC and 3
RRMS subjects.
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Fas expression and response to LAG-3 inhibition. Frequency of Fas positively correlates
with LAG3 in (A) CD4 and (B) CD8 T cells in a pooled cohort of HC, RRMS, and T1D
subjects. Results are from two independent experiments, HC, n=14; RRMS, n=15; T1D,
n=14. Frequency of Fas after peptide stimulation (CMV/Adv5, 175 ng/ml, 6 days; black)
and aLAG3 (10 pg/ml; gray) in (C) CD4 and (D) CD8 T cells. Results are from a single

experiment, 3 HC and 3 RRMS subjects (C, D). Pvalues are shown after a Spearman
correlation with 95% confidence interval shown (A, B) and a paired t-test (C, D).
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FIGURE 7.
Cleaved caspase-3 expression and response to LAG-3 inhibition. Frequency of cleaved

caspase 3 (cCasp3) in resting (A) CD4 and (B) CD8 T cells from HC, RRMS, and

T1D subjects. Geometric MFI of cCasp3 within cCasp3+ (C) CD4 and (D) CD8 T cells.
Correlation of geometric MFI of LAG-3 versus cCasp3 in cCasp3+ (E) CD4 and (F) CD8
T cells. Results are from two independent experiments, HC, n=10; RRMS, n=10; T1D,
n=10. Frequency of cCasp3 after peptide stimulation in (G) CD4 and (H) CD8 T cells.
Results are from a single experiment, 3 HC and 3 RRMS subjects. Lines shown are median,
and p values are shown after a one-way ANOVA (A-D), a Spearman correlation with 95%
confidence interval shown (E, F) and an unpaired t-test (G, H).
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