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Abstract

Progressive upregulation of checkpoints on tumor-infiltrating
lymphocytes promotes an immunosuppressive tumor micro-
environment, severely compromising tumor immunity. Lym-
phocyte activation gene-3 (LAG-3) is a coinhibitory receptor
associated with impaired T-cell function and is frequently
coexpressed with programmed cell death protein-1 (PD-1) in
the context of human cancers. Targeting LAG-3 in conjunction
with PD-1 thus represents a strategy to amplify and broaden
the therapeutic impact of PD-1 blockade alone. We have
generated a high affinity and selective humanizedmonoclonal
IgG4 antibody, TSR-033, which binds human LAG-3 and
serves as a functional antagonist, enhancing in vitro T-cell
activation both in mixed lymphocyte reactions and staphylo-

coccal enterotoxin B-driven stimulation assays. In a human-
ized mouse non–small cell lung carcinoma model, TSR-033
boosted the antitumor efficacy of PD-1 monotherapy, with a
concomitant increase in immune activation. Analogous stud-
ies in a murine syngeneic tumor model using surrogate anti-
bodies demonstrated significant synergy between LAG-3 and
PD-1 blockade—combination treatment led to a marked
improvement in therapeutic efficacy, increased T-cell prolif-
eration, IFNg production, and elicited durable immunologic
memory upon tumor rechallenge. Taken together, the phar-
macologic activity of TSR-033 demonstrates that it is a potent
anti-LAG-3 therapeutic antibody and supports its clinical
investigation in cancer patients.

Introduction
Tumor persistence leads to sustained exposure of T cells to

neoantigens—this results in repeated cycles of activation which
culminate in a state of severe T-cell dysfunction or exhaustion,
characterized by distinct epigenetic and transcriptional pro-
files (1–3). Chronic T-cell exhaustion ismarked by the progressive
upregulation of coinhibitory receptors, PD-1 being one of the
most prominent, but also other coregulated receptors such as
LAG-3 (4, 5).

LAG-3 is a transmembrane protein of the Ig superfamily,
expressed on a host of immune cell subtypes, including T cells,
natural killer (NK) cells, dendritic cells (DC), monocytes,
macrophages, and B cells (4, 6, 7). LAG-3 has structural
homology with the CD4 coreceptor and binds MHC Class II
with higher affinity than CD4, although other ligands such as
LSECtin have been also identified (8–10). LAG-3 engagement
on the T-cell surface leads to attenuation of T-cell activation,
proliferation, and cytokine production, downstream signaling
being dependent on a conserved KIEELE motif in the LAG-3
cytoplasmic tail (4).

Consistent with this immunomodulatory role, LAG-3 marks
chronically exhausted or dysfunctional T cells in cancer,
particularly within the tumor microenvironment relative to
peripheral blood (11–13). LAG-3 is frequently coexpressed with
PD-1 on tumor-infiltrating lymphocytes (TIL) across several
tumor types (11, 14–17). LAG-3 colocalizes with PD-1 at the
immunologic synapse following T-cell receptor (TCR) triggering,
also being associated with the signaling complex of PD-1 and the
inhibitory phosphatases SHP-1/SHP-2 [Src-homology 2 domain
(SH2)-containing protein tyrosine phosphatases], which act to
attenuate the TCR activation signal (18). Further, genetic ablation
of LAG-3 accentuates the autoimmune phenotype of Pdcd1
(PD-1) knockout mice, also increasing the susceptibility of
Lag3�/�Pdcd1�/� double knockout animals to tumor growth in
syngeneic models (19). The spatio-temporal, transcriptional, and
functional correlation between PD-1 and LAG-3 underscores the
rationale for combined blockade of both PD-1 and LAG-3 as an
immunotherapeutic approach in the context of human cancers.

Despite the clinical success of checkpoint therapy targeting the
PD(L)-1 axis, particularly in malignancies such melanoma,
NSCLC, and renal carcinoma (20, 21), a sizeable proportion of
patients demonstrate resistance (22, 23). Alternative checkpoint
receptors such as LAG-3 have been implicated in resistance to
PD(L)-1 inhibition, wherein the full extent of immuno-stimula-
tion resulting from PD(L)-1 blockade is restricted either by the
concurrent expression of other checkpoints (primary resistance)
or by their secondary upregulation in response to PD(L)-1 block-
ade (adaptive resistance; ref. 23). Targeting LAG-3 in addition to
PD-1, thus represents a strategy for broadening the therapeutic
scope of anti-PD-1 monotherapy by intensifying the immune
invigoration elicited by PD-1 blockade alone.
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Materials and Methods
Antibodies

Rat antibodies from hybridomas were engineered as chimeric
rat/mouse antibodies using wild-type mouse k light chain and
mouse g1 heavy chain with the D265A mutation to eliminate
murine Fcg receptor (FcgR) binding (24). The rationale for this is
to prevent depletion of PD-1þ or LAG-3þ cells by complement-
dependent or antibody-dependent cell cytotoxicity (CDC or
ADCC) in the in vivo syngeneic tumor model. Specifically, anti-
mouse PD-1 [chimeric RMP1-14 (25) engineered as a mouse
IgG1, k with a D265A mutation in the heavy chains] and anti-
mouse LAG-3 [chimeric C9B7W(26) engineered as amouse IgG1,
k with a D265A mutation in the heavy chains] were expressed in
stably transfected CHO-S cells (ATCC) grown in FreeStyle CHO
ExpressionMedium (ThermoFisher), and purified using protein A
affinity chromatography (rProtein A Sepharose FF, GE).

TSR-033 was derived from a mouse mAb (obtained by immu-
nization of mice with both human and cyno LAG-3) by grafting
the heavy chain and light chain complementarity determining
regions (CDR) onto the germline frameworks of their nearest
human orthologues, followed by maturation via mammalian
cell display and somatic hypermutation, using the AnaptysBio
SHM-XEL system (27, 28). TSR-033 and TSR-042 (29) are both
human IgG4 antibodies, produced in CHO-K1 cells (ATCC) in
Dynamis media (ThermoFisher) and purified using Protein A
affinity capture (Eshmuno A Resin, Millipore, Sigma). This iso-
type was selected as a backbone to militate against potential
clearance of tumor-reactive T cells expressing PD-1/LAG-3
because IgG4 antibodies do not activate complement and exhibit
reduced binding to low-affinity human FcgRs, resulting in them
typically not displaying appreciable CDC or ADCC (30, 31). A
comparison of the attributes of themouse and human antibodies
is provided in Supplementary Table S1.

A20 lymphoma model
BALB/c mice (Taconic) were acclimated as per the Institutional

Animal Care and Use Committee (IACUC) guidelines and
implanted with 0.2 � 106 A20 cells (ATCC) subcutaneously in
the right flank. A20 cells were freshly thawed and expanded for
inoculations—before inoculation, the cell line was tested for
mycoplasma using MycoAlert Mycoplasma Detection Kit
(Lonza). The mice were randomized into four groups of 10 mice
each at tumor volumes of 30 to 50 mm3 and dosed intraperito-
neally with antibody (10 mg/kg) starting on the day of random-
ization. Groups were dosed with either a mouse IgG1 isotype
control antibody, anti-mouse PD-1, anti-mouse LAG-3 (described
in preceding section), or a combination of both. Tumor and body
weight measurements were collected twice weekly, and tumor
volumes were calculated using the equation (L �W2)/2, where L
andW refer to the length andwidth dimensions, respectively. The
treatment continued twice weekly and mice were euthanized as
individual tumors reached volumes >2,000 mm3. The general
health of mice was monitored daily and all experiments were
conducted in accordance with the Association for Accreditation of
Laboratory Animal Care and IACUC guidelines. The mice with
complete regressionwere re-challenged after a gap of 4weekswith
the same number of A20 cells implanted subcutaneously in the
opposite flank. Six additional na€�ve mice were also implanted
simultaneously as controls. The mice were monitored until
tumors reached volumes >2,000 mm3.

LAG-3 binding assays
Whole blood from healthy human donors (n ¼ 3; identified

through screening of a panel of donors for appreciable LAG-3
expression by FACS) was incubated overnight with increasing
concentrations of TSR-033, followed by isolation of PBMCs using
Ficoll density gradient separation, staining with antibodies to
human CD4, CD8 (Biolegend), and LAG-3 (REA351; Miltenyi).
Bound TSR-033 on the surface of CD4 and CD8 T cells was
detected using anti-human IgG4:PE (Southern Biotech) by flow
cytometry.

MHC Class II binding assay
Increasing concentrations of TSR-033 (or isotype control)

ranging from 0.04 to 300 nmol/L were first incubated with a
fixed concentration (3 nmol/L) of a fluorescently labeled LAG-3
fusion protein [DyLight (Dyl)-650 LAG-3 huIgG1-Fc]. LAG-3
fusion protein/antibody mixtures were then added to Daudi cells
for 30minutes on ice. After washing to remove unbound protein,
the samples were analyzed on a BD FACS Array (BD Biosciences)
and the data were analyzed using FlowJo software. LAG-3 binding
was assessed by monitoring cell-associated Dyl-650 fluorescence.

NFAT reporter assay
Jurkat cells were engineered to express LAG-3 and a luciferase

reporter driven by an NFAT response element (NFAT-RE)
(CS194820; Promega) and co-cultured withMHCClass II expres-
sing Raji cells in the presence of checkpoint inhibitors or isotype
control (as per manufacturer's instructions). NFAT-RE–mediated
luminescence was monitored on a Synergy HTX plate reader
(BioTek Instruments) to assess the extent of T-cell stimulation.

MLR
Monocyte-derived DCs were differentiated from peripheral

blood monocytes isolated from a set of healthy human donors
by 7 days of culture with GM-CSF and IL4. CD4 T cells were
isolated fromperipheral blood of a different set of healthy human
donors (Miltenyi). DCs from one donor and CD4 T cells from a
seconddonorwere incubated in thepresence of TSR-033, TSR-042
(anti-human PD-1 antagonist antibody), or isotype control anti-
body for 48 hours, and T-cell activation was measured by quan-
tifying secreted IL2. The culture medium was removed after short
centrifugation and stored at�80�C until analysis for IL2 levels by
ELISA (R&D Systems Duo Set for human IL2).

SEB stimulation
PBMCs from healthy human donors (n ¼ 5) were plated at

100,000 cells/well in 96-well flat-bottomed plates and stimulated
with 100 ng/mL SEB for 3 days in the presence of checkpoint
inhibitors or isotype control, followed by measurement of IL2 in
cell culture supernatants using a cytometric bead array (CBA; BD
Biosciences). PD-1 and LAG-3 expression on individual donors
following SEB stimulation was verified using flow cytometry.

A549 HuNOG-EXL NSCLC tumor model
Twelve-week-old HuNOG-EXL mice (highly immunodeficient

NOGmice expressing human GM-CSF and human IL3, engrafted
with CD34þ human hematopoietic stem cells) were procured
from Taconic Biosciences. Taconic's HuNOG-EXL engraftment
criteria for batch release is >25% human CD45þ cells in the
peripheral blood; all mice for our study had 55% to 65% human
CD45þ cells when received. HuNOG-EXL mice are associated
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with improved cellularity and engraftment (lymphoid and mye-
loid), with IL3/GM-CSF providing additional support for the
development myeloid sublineages (30–32). Mice were acclimat-
ed as per the IACUC guidelines before implantation with A549
cells. The A549 cell line (derived from human lung adenocarci-
noma; ref. 33) was procured from ATCC (ATCC CCL-185; Man-
asses), freshly thawed, and grown in monolayer culture in
RPMI1640/10% FBS in a 37�C incubator with 5% CO2. The cells
were expanded in T-160 flasks, harvested by trypsinization on the
day of inoculation, and 5 � 106 A549 cells were implanted
subcutaneously in the right flank of each mouse. Prior to inoc-
ulation, the cell line was tested for mycoplasma using MycoAlert
Mycoplasma Detection Kit (Lonza). Mice were randomized at
tumor volumes between 80 and 120mm3 into four groups of five
mice each. Each group was administered either human IgG4
isotype control, TSR-042, TSR-033, or a combination of TSR-042
and TSR-033 intraperitoneally at a dose of 10mg/kg twice weekly
throughout the study duration. Tumor and bodyweightmeasure-
ments were collected twice weekly, and tumor volumes were
calculated using the equation (L � W2)/2, where L and W refer
to the length and width dimensions, respectively. The general
health of mice was monitored daily, and all experiments were
conducted in accordance with the Association for Accreditation of
Laboratory Animal Care and the IACUCguidelines. Themicewere
euthanized a day after the last dose, tumors, and spleens were
collected in ice cold RPMI1640 and processed immediately for
flow cytometry. Additionally, HuNOG-EXL mice were analyzed
in-house at day 10 post-inoculation to ensure sustained engraft-
ment of human CD45 cells and in order to profile T, NK, and
myeloid cell populations (Supplementary Fig. S1).

Tumor processing and flow cytometry
Tumors were disaggregated using the GentleMACS Mouse

Tumor Dissociation Kit (Miltenyi). Spleens were dissociated
through a 70 mmnylon cell strainer and resuspended in red blood
cell lysis buffer (Sigma) for 1 minute. All cells were then stained
with a viability dye (Thermo Fisher) and Fc block (eBioscience)
before staining with fluorophore-conjugated antibodies in flow
cytometry staining buffer. The cells were stained for T-cellmarkers
including CD45, CD3, CD4, CD8, FOXP3, CCR7, Ki67, and
CD45RA (eBioscience). Intracellular staining was performed
using the FOXP3/transcription factor staining buffer set
(eBioscience) and cells were fixed. Myeloid markers included
CD68, HLA-DR, CD33, CD209, and CD56. Counting beads
(123Count eBeads; eBioscience) were added to the samples
before acquisition on an LSRII (BD Biosciences) and analysis was
done using FlowJo (TreeStar).

Statistical analysis and calculations
Unpaired one-tailed Student T test was used to assess differ-

ences between immune cell frequencies inmice that received anti-
PD-1þanti-LAG-3 combination therapy, relative to anti-PD-1
monotherapy and P � 0.05 was considered significant. Tumor
growth inhibition (TGI) at termination was calculated using the
following formula: 100 � (1 � Tt/T0), where Tt and T0 are the
average tumor volumes for a given treatment arm and for isotype
control, respectively. Coefficient of drug interaction (CDI) at
termination was calculated using the following formula: z/(x�y),
where z equals ratio of average tumor volume of combination
group to control; x and y equal ratios of average tumor volumes for
either monotherapy arm to control. CDI ¼ 1 indicates additivity

whereas CDI < 1 indicates synergism and CDI < 0.7 indicates
significant synergy (34, 35).

Results
Striking efficacy of combined LAG-3þPD-1 blockade in a
syngeneic mouse tumor model

Cooperativity or an additive effect of LAG-3þPD-1 blockade in
impeding tumor growth has been demonstrated in several syn-
geneic tumor models, notably in models of ovarian cancer,
melanoma, sarcoma, and colon carcinoma (18, 19, 36). We first
evaluated antitumor responses elicited by LAG-3þPD-1 check-
point blockade in themouse A20 lymphoma tumormodel—A20
cells are known to express high levels of murine MHC Class II,
given their B-cell origin, and also PD-L1 (37). A20 cells were
subcutaneously implanted into BALB/c mice, and dosing com-
menced twice weekly once the tumors became palpable with
mouse anti-PD-1, anti-LAG-3, the combination, or an IgG1 iso-
type control. Tumor growth was monitored for 35 days until all
animals in the isotype control group (10/10)were euthanizeddue
to increased tumorburden (Materials andMethods). Althoughwe
observed relatively high efficacy in themonotherapy arms (TGI of
64% and 68% respectively for anti-PD-1 and anti-LAG-3 on day
35), the combination of anti-PD-1þanti-LAG-3 demonstrated
significant synergy, abrogating tumor growth in a majority of
the implanted mice (TGI of 97% on day 35; coefficient of drug
interaction, CDI < 0.7; Fig. 1A). In the anti-PD-1 and anti-LAG-3
treatment groups, 2/10 and1/10 animals respectively, reached the
end-point tumor volume, whereas there were no animal losses in
the combination treatment arm. There were statistically signifi-
cant reductions in average tumor volumes for mice on all three
treatment arms, relative to isotype control (P � 0.05, Student
T test). Mouse spleens were isolated on day 35 (n ¼ 4 per group)
and assessed for immune cell populations by flow cytometry.
Compared with the anti-PD-1 treatment group, the animals on
combination therapy, had significant increases in proliferating
T cells and total CD8 T cells in their spleens, correlating with the
improved tumor outcomes observed in this group (Fig. 1B).

Immunologic memory generated by checkpoint blockade
To evaluate the impact of administering anti-LAG-3 alongside

anti-PD-1 monotherapy on antitumor immune memory, we
monitored surviving mice in the anti-PD-1 (4/10) and combina-
tion therapy (6/10) groups for tumor-free survival for an addi-
tional 4 weeks and re-challenged these mice with the original
number of A20 cells (no surviving animals in either the isotype
control or anti-LAG-3 monotherapy groups; Materials and Meth-
ods). Na€�ve BALB/c mice were simultaneously implanted as
positive controls for A20 tumor growth (Fig. 1C). The de novo
inoculated mice all developed tumors, which rapidly reached the
endpoint volume, whereas the re-challenged animals remained
tumor-free at the end of 6 weeks, suggesting that tumor-free
survival was accompanied by the establishment of immunologic
memory, elicited by both the initial anti-PD-1 or anti-PD-1þanti-
LAG-3 antibody treatment (Fig. 1C). Although both groups
uniformly rejected tumors upon re-challenge, the animals in the
combination group had significantly higher frequencies of CD4
andCD8 effector-memory T cells as well as IFNg-producing T cells
in their spleens, suggestive of more potent immuno-stimulation
elicited by combining LAG-3 blockade with PD-1 inhibition
(Fig. 1D). The synergistic improvement in antitumor efficacy and
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increased T-cell activation observed with PD-1/LAG-3 dual inhi-
bition in the A20 syngeneic model are in line with reports from
multiple mouse tumor models (36). Coupled here with the
apparent generation of amemory response, these findings bolster
preclinical rationale for combining LAG-3 blockade with PD-1
monotherapy. Interestingly, all lines of therapy had a significant
effect on prolongingmouse survival relative to isotype control for
the entire duration of the study, with the combination arm
achieving maximum benefit (Fig. 1E). There was no significant
difference between survival curves of the anti-PD-1 alone versus
combination treatment arms (Fig. 1E).

Generation of a high affinity therapeutic antibody targeting
human LAG-3

TSR-033 is a high affinity humanized IgG4, k mAb that spe-
cifically binds LAG-3 and blocks the interaction between LAG-3
and its ligand MHC Class II. TSR-033 was derived from a mouse
mAb by humanization followed by maturation via mammalian
cell display and somatic hypermutation using the AnaptysBio
SHM-XEL system (27, 28). In addition, the constant region

contains a stabilizing mutation in the hinge region, S228P,
which prevents in vivo half molecule exchange with other IgG4
antibodies and improves IgG4 in vivo half-life and tissue
distribution (38).

Binding of TSR-033 to LAG-3
TSR-033 was characterized by surface plasmon residence (SPR)

for binding to recombinant human and cynomolgus monkey
(cyno) LAG-3 Fc fusion proteins (Table 1; KD values of 0.95 and
2.0 nmol/L, respectively). Binding kinetics for human and cyno
LAG-3 were similar, with less than a two-fold difference in
association/dissociation rates and a two-fold difference in KD

values by SPR. In addition, binding of TSR-033 to human or
cyno LAG-3 expressed on the cell surface ofChinese hamster ovary
(CHO)-S cells was assessed by flow cytometry using an Alexa
Fluor 647-conjugated goat anti-human IgG F(ab')2 to detect
antibody binding (Fig. 2A; Table 1). TSR-033bound to cell surface
human and cyno LAG-3 with EC50 values of 0.8 and 2.6 nmol/L,
respectively. TSR-033didnot bind to cell surface-expressedmouse
LAG-3 or to recombinantmouse and rat LAG-3 as assessed by SPR

Table 1. TSR-033 binding to LAG-3 by surface plasmon resonance (SPR) and LAG-expressing CHO cells

Kinetic parameters (SPR)a LAG-3–expressing CHO cellsb

Species Kassoc (milliseconds)�1 Kdissoc (seconds)
�1 KD (nmol/L) EC50 (nmol/L) EC90 (nmol/L)

Human LAG-3 1.3 � 105 1.25 � 10-4 0.95 0.8 11.9
Cynomolgus LAG-3 1.1 � 105 2.3 � 10-4 2.0 2.6 68.5
aKassoc, association rate constant; Kdissoc, dissociation rate constant; KD, dissociation constant.
bTSR-033 binding not detected on nontransfected CHO cells.

Figure 1.

Simultaneous blockade of LAG-3 and PD-1 synergizes to elicit increased efficacy, immune stimulation, and immunologic memory in mouse A20 lymphoma
model. A, A20 cells were implanted subcutaneously into Balb/c mice, and tumors were grown to 30 to 50mm3 before randomization (n¼ 10 per group) for
treatment with either isotype control, anti-LAG3, anti-PD-1, or the combination (10 mg/kg, twice weekly; Materials and Methods); coefficient of drug interaction,
CDI <0.7 (significant synergy). B,Mice (n¼ 4 per group) were sacrificed on day 36, and pharmacodynamic changes in immune cells in the spleen were assessed.
The combination group displayed a significant increase in proliferating T cells and total CD8 T cells, relative to anti-PD-1 treatment alone. C, Surviving animals in
each group were monitored for tumor-free survival for 40 days, followed by rechallenge with A20 cells (n¼ 4 and n¼ 6, for anti-PD-1 and combination
treatment groups, respectively). Na€�ve mice (n¼ 6) were inoculated in parallel and monitored for tumor growth. D, Significant increase in effector-memory
(CD44þCD62L�) T cells in the combination group and higher proportion of splenic IFNgþ CD8 T cells, compared with PD-1 blockade alone. Mice were sacrificed
on day 41 post-rechallenge and spleens assessed for immune cell populations by flow cytometry; � , P� 0.05; �� , P� 0.01, unpaired Student T test. E, Kaplan–
Meier survival curves for treatment arms; �� , P� 0.01 by the log-rank (Mantel–Cox) test, relative to isotype control.
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(Fig. 2A; Supplementary Fig. S2). These findings are consistent
with thedegree of amino acid sequence identity observedbetween
the extracellular domain of human LAG-3, relative to cyno (93%)
andmouse (70%) LAG-3. TSR-033 binding to endogenous LAG-3
onhumanT cellswas confirmedbyovernight incubationofwhole
blood from healthy human donors with TSR-033, followed by
isolation of peripheral blood mononuclear cells (PBMC) and the
simultaneous detection of bound TSR-033 using a PE-conjugated
anti-human IgG4 and total LAG-3 by flow cytometry (Materials
and Methods; raw ratio of mean fluorescence intensity of bound
TSR-033 to total LAG-3; Fig. 2B).

TSR-033 blocks LAG-3 binding to MHC Class II on Daudi cells
LAG-3 bindsMHCClass II, as demonstrated in quantitative cell

adhesion assays with LAG-3 transfectants and MHC Class II
expressing B cell lines (10, 39). Cell adhesion was dependent on
the LAG-3:MHC Class II interaction, and was disrupted by both
anti-LAG-3 and anti-MHC Class II blocking antibodies (39). We
used a flow cytometry-based version of this assay, measuring the
binding of a fluorescently labeled LAG-3 Fc fusion protein to
Daudi cells which express high levels of MHC Class II (40).
Preincubation of labeled LAG-3 with increasing concentrations
of TSR-033 led to a dose-dependent inhibition of LAG-3 binding
to Daudi cells, assessed by monitoring cell-associated fluores-
cence by flow cytometry (Fig. 2C). We measured the functional
effect of disrupting the LAG-3:MHC Class II interaction in a T-cell
activation reporter bioassay, using MHC Class II-expressing Raji
cells and LAG-3–expressing Jurkat cells, the latter also transfected
with a nuclear factor of activated T cells (NFAT) responsive
luciferase reporter gene (Materials and Methods). TSR-033
relieved LAG-3–mediated repression of T-cell stimulation, as
measured by a dose-dependent increase in luminescence as a
consequence of enhanced NFAT triggering, directly downstream
of T-cell activation (Fig. 2D).

TSR-033 increases IL2 production in in vitro T-cell activation
assays

The functional antagonist activity of TSR-033was evaluated in a
human CD4 T-cell MLR assay, either singly or in combination
with anti-PD-1 (TSR-042; ref. 29). Primary human CD4 T cells
isolated from healthy human donors were co-cultured with
monocyte-derived DCs from a different set of donors (41). Allo-
geneic stimulation of T cells typically leads to the upregulation of
checkpoints such as PD-1 and LAG-3 during the course of theMLR
assay, dampening the magnitude of T-cell activation (42). DCs
and allogeneic CD4 T cells were incubated in the presence of TSR-
033 or isotype control for 48 hours and T-cell activation was
quantified by the level of IL2 secreted. Antagonism of LAG-3 by
TSR-033 increased IL2 production (EC50 ¼ 2.3 nmol/L; Fig. 3A),
whereas combination of TSR- 033 with a constant low concen-
tration of TSR-042 (anti-PD-1 antagonist antibody; refs. 29, 43) at
13 and 133 pmol/L (MLR EC10 and EC50 concentrations for TSR-
042, respectively; ref. 29), led to further de-repression of T-cell
activation with EC50 values of 640 and 170 pmol/L for TSR-033,
respectively (Fig. 3B).

We tested the immuno-stimulatory capacity of TSR-033 in an
orthogonal assay system in which healthy human donor PBMCs
were stimulated for 3 days with SEB, followed by the measure-
ment of IL2 secretion in the culture supernatant (Fig. 3C). Addi-
tion of TSR-033 to SEB-stimulated PBMCs led to increased IL2
production, albeit to a lesser extent than the addition of TSR-042
alone, whereas the TSR-033þTSR-042 combination had the
strongest effect, highlighting the importance of counteracting
both co-inhibitory pathways for robust T-cell activation (Fig. 3C).

Increased efficacy of combination therapy in an NSCLC
humanized mouse model

LAG-3 is expressed on TILs in patients with NSCLC and is
correlated both with PD-1 expression and poor prognosis (44).

Figure 2.

TSR-033 binds with high affinity to human and cyno LAG-3. A, TSR-033 binds human and cyno LAG-3 expressed on the surface of CHO-S cells, but not mouse
LAG-3, as assessed by flow cytometry. B, TSR-033 binds LAG-3 on resting CD4 and CD8 T cells in health human donors (n¼ 3); total LAG-3 was detected using a
noncompeting antihuman LAG-3 antibody (Materials and Methods). C, TSR-033 inhibits binding of labeled LAG-3 Fc fusion protein to MHC Class II expressing
Daudi cells. D, TSR-033 relieves LAG-3–mediated repression of an NFAT-responsive element, downstream of TCR signaling. Data are representative of at least
two separate occasions.
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In vivo antitumor activity of TSR-033, TSR-042, or the combi-
nation was tested using humanized NOG-EXL mice, subcuta-
neously implanted with the human NSCLC A549 cell line (32).
Mice were dosed twice weekly with mono- or combination
therapy and monitored for tumor growth (Fig. 4A). Compared
with an IgG4 isotype control, both TSR-042 and TSR-033
monotherapy had a modest effect on tumor growth (TGI
of 26% and 23%, respectively at termination; Fig. 4A). The
combination of TSR-033 with TSR-042 produced an additive

effect, impeding tumor growth to a greater extent compared
with either monotherapy (TGI of 45% at termination). There
were no significant differences between survival curves for
TSR-042, TSR-033, or the combination, relative to isotype
control (Supplementary Fig. S3). The antitumor effect here is
different from the striking synergy observed in the A20 synge-
neic model (Fig. 1A), and could, at least partially, be attribut-
able to delayed dosing in the humanized model where we
tested our therapeutics on established tumors (80–100 mm3,

Figure 3.

TSR-033 amplifies T-cell effector function, particularly in combination with anti-PD-1. The functional activity of TSR-033 was evaluated in an MLR assay, in which
primary human CD4 T cells were mixed with monocyte-derived dendritic cells from a different donor. In these studies, dendritic cells and allogeneic CD4 T cells
were incubated (A) in the presence of TSR-033 or isotype control or (B) TSR-033, TSR-042, and isotype control at indicated concentrations for 48 hours, and
activation of T cells was determined by measuring the level of IL2 secretion. C, The ability of TSR-033 and TSR-042 to induce IL2 from human PBMCs (n¼ 5
donors) stimulated with 100 ng/mL SEB for 3 dayswas assessed. Data are representative of at least two separate occasions.

Figure 4.

Dual blockade of LAG-3 and PD-1 using TSR-033 and TSR-042 improves therapeutic efficacy and T-cell stimulation in a humanized NSCLC tumor mouse model.
A, The combination of TSR-033 with TSR-042 has an additive effect (CDI¼ 1.001) on restricting tumor growth in HuNOG-EXL mice inoculated with A549 cells.
Mice were randomized at tumor volumes of 80 to 120 mm3, followed by administration of the indicated regimens (Materials and Methods). Tumor growth
inhibition at termination for each treatment arm is indicated in parentheses. B, Relative to TSR-042 monotherapy, the combination group had increased
intratumoral T cells and proliferating CD8 T cells; � , P� 0.05, unpaired Student T test. C, The combination of TSR-033 with TSR-042, compared with TSR-042
monotherapy, resulted in significant reduction in TAMs, M2 TAMs and increased M1/M2 ratios. TAMswere identified as CD45þCD3�CD20�CD68þ, M2 TAMS,
CD45þCD3�CD20�CD68þHLA-DRloCD209þ, and M1 TAMs, CD45þCD3�CD20�CD68þHLA-DRhiCD209�. Data represent two independent experiments (n¼ 10
per treatment arm) and have been normalized to fold change over isotype control for each treatment arm in B; � , P� 0.05, unpaired Student T test.
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compared with the A20 tumors at 30–50 mm3 when dosing
commenced; Materials and Methods).

Increased immuno-stimulation with combination therapy
relative to PD-1 blockade alone

In line with the observed antitumor effect of the combina-
tion arm, there was a significant increase in total and
proliferating intratumoral T cells, including CD8 T cells, in
the combination arm relative to TSR-042 monotherapy
(Fig. 4B). Overall TIL and regulatory T cell (Treg) frequencies
were not significantly altered (Fig. 4B). Interestingly, combined
blockade of PD-1 and LAG-3 also impinged on the myeloid
compartment, reducing the overall frequency of tumor-
associated macrophages (TAM), particularly the traditionally
immunosuppressive M2 TAMs, skewing the balance between
the more proinflammatory M1 TAMs relative to M2, resulting
in higher M1/M2 ratios (Fig. 4C; refs. 45–47).

Combination treatment also led to increased splenic T-cell
proliferation, with significant increases in proliferating CD4 and
CD4 effector-memory T cells relative to TSR-042 monotherapy;
proliferating CD8 and CD8 effector-memory T cells were also

elevated in the combination group but this trend did not reach
significance (Fig. 5A). Further, ex vivo stimulation of splenocytes
with phorbol myristate acetate (PMA)/ionomycin, a common
T-cell stimulus, yielded higher percentages of IFNg- and TNFa-
producing T cells in animals dosed with combination therapy
(Fig. 5B), suggesting increased functional invigoration of T cells in
the combination group relative to TSR-042.

Increased LAG-3 expression following PD-1 blockade
LAG-3 is coordinately expressed with PD-1 in numerous tumor

types, and is reportedly upregulated on T cells postinhibition of
the PD(L)-1 axis (48, 49). In our humanized mouse NSCLC
model, LAG-3 was significantly upregulated on T cells in both
tumors and spleens following TSR-042 monotherapy (Fig. 6A).
LAG-3 positive T cells were especially impaired in their ability to
produce IL2 upon ex vivo stimulation, compared with LAG-3
negative T cells, most strikingly within tumors, but also in spleens
from both isotype control and TSR-042 treatment groups
(Fig. 6B). IFNg was not similarly affected (Fig. 6C). Loss of IL2
in parallel with retention of IFNg production by LAG-3þ dysfunc-
tional CD8 TILs has been previously described, with IFNg being

Figure 5.

Increased effector-memory T cells and ex vivo cytokine production by splenic T cells from the combination group, relative to TSR-042 alone in a humanized
NSCLC tumor mouse model. A, Increase in proliferating and effector-memory (CD45RA�CCR7�) CD4 and CD8 T cells in the combination group compared with
TSR-042 alone. B, Significant increase in IFNg and TNFa production by CD4 T cells in the combination group over TSR-042 alone, upon ex vivo stimulation of
mouse splenocytes (Materials and Methods); � , P� 0.05, unpaired Student T test.

Figure 6.

Secondary upregulation of LAG-3 following PD-1 blockade.A, Significant increase in LAG-3 expression on T cells within A549 tumors and spleens of humanized
NOG-EXL mice following TSR-042 treatment, relative to isotype control (end of study). Significant reduction in (B) IL2 production but not (C) IFNg production by
intratumoral and splenic LAG-3–positive T cells in both the isotype control and TSR-042 groups; � , P� 0.05; �� , P� 0.01, unpaired Student T test.
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ascribed an immunosuppressive role in this context through the
downstream induction of molecules such as PD-L1 and IDO,
contributing to adaptive resistance (50, 51).

Discussion
LAG-3 is associated with the attenuation of T-cell activation

and function in the context of human cancers, establishing it as
a promising immunotherapeutic target which is currently under
clinical investigation (36). Preclinical studies in syngeneic
mouse tumor models have demonstrated cooperativity
between LAG-3 and PD-1 blockade in improving antitumor
efficacy (4, 5, 36). We have extended these studies to B-cell
malignancies, vis-�a-vis, the mouse A20 lymphoma model to
demonstrate that antibodies targeting LAG-3 and PD-1 not only
synergize to elicit strong antitumor activity and concomitant
T-cell activation, but also engender immunologic memory
(Fig. 1). Although we noted the generation of immunologic
memory in a subset of animals treated with anti-PD-1 alone,
animals in the combination group displayed increased frequen-
cies of proliferating memory T cells, and IFNg/TNFa producing
T cells in their spleens post-rechallenge, consistent with an
amplified T-cell response (Fig. 1D).

TSR-033 is a humanized anti-LAG-3 antibody, generated
from a mouse hybridoma selected on the basis of (i) high
affinity binding to human and cyno LAG-3, (ii) the ability
to block binding of a LAG-3 fusion protein to MHC Class II-
expressing Daudi cells, and (ii) augment IL2 production by T
cells in an MLR assay (Figs. 2 and 3; Table 1). We further
confirmed the functional activity of TSR-033 using two separate
in vitro T-cell stimulation assays, using either a NFAT-luciferase
reporter cell line or a SEB-driven superantigen assay for T-cell
activation (Figs. 2D and 3). TSR-033 showed no binding to C1q
or the FcR family member CD16a in comparison with a human
IgG1 positive control (Supplementary Fig. S4; Supplementary
Table S2), confirming that it is unlikely to elicit either com-
plement-dependent cytotoxicity or antibody-dependent cell
cytotoxicity.

To test the in vivo antitumor efficacy of LAG-3 blockade with
TSR-033, we used a humanized mouse model NOG-EXL,
wherein human hematopoietic stem cells (HSC) are engrafted
into severely immunodeficient NOG-EXL mice, which support
the expansion of both lymphocytic and myeloid populations
derived from the human HSCs (32). Monotherapy with either
TSR-042 or TSR-033 had limited effect on the growth of
established tumors derived from the A549 human NSCLC cell
line (Fig. 4A). The combination of PD-1 and LAG-3 blockade
improved antitumor efficacy, having an additive effect on
growth inhibition of established A549 tumors (Fig. 4A). Our
results represent the first demonstration, to the best of our
knowledge, of the therapeutic benefit of anti-PD-1þanti-LAG-3
combination treatment in a humanized mouse model of
NSCLC, helping provide insights into immune mechanisms
promoting or subverting tumor clearance in a human cancer
setting.

Consistent with increased antitumor efficacy, combined treat-
ment with TSR-042 and TSR-033 led to significant increases in
total and proliferating intratumoral T cells and proliferating CD8
T cells, compared with TSR-042 treatment alone, indicative of an
enhanced T-cell response (Fig. 4B). Along similar lines, splenic
CD4 T cells from animals given combination therapy yielded

significantly higher frequencies of IFNg and TNFa producers
upon ex vivo stimulation (the trend did not reach significance for
CD8 T cells; Fig. 5B). Further, the combination therapy arm
also yielded a higher proportion of proliferating CD4 and CD8
effector-memory T cells (Fig. 5A). Interestingly, combined
blockade also led to a reduction in TAMs, particularly the more
immunosuppressive M2 TAMs (Fig. 4C). Whether this arises
from direct inhibition of PD-1/LAG-3 expressed on TAMs, or
occurs as a consequence of improved T-cell activation which
would be expected to skew the balance in favor of the more pro-
inflammatory M1 TAMs (47) remains to be determined.

Finally, the percentage of LAG-3þ T cells was significantly
increased following PD-1 monotherapy in the humanized
NSCLC mouse model, likely curtailing the full extent of
immuno-stimulation elicited by PD-1 blockade alone
(Fig. 6A). Intratumoral LAG-3 positive T cells were particularly
diminished in IL2 production compared with LAG-3 negative T
cells, suggesting a reduction in functional and proliferative
capacity (Fig. 6B; ref. 50). Adaptive upregulation of checkpoints
such as LAG-3, in response to PD-1 blockade, along with
numerous reports of coexpression with PD-1, reinforce the
rationale for dual PD-1 and LAG-3 inhibitor combinations,
which if tolerated, could result in more robust invigoration of
the immune response and ultimately, more effective tumor
eradication.
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