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Abstract

We examined the role of the PD-1 pathway on the activation of naive, memory, and recently activated human CD4" T cells to test
whether they responded differently. PD-1 ligand blockade modestly enhanced the percentage of responding T cells and production of
IFN-vy in a primary response to myelin basic protein (MBP) in normal donors. PD-1 ligand blockade strongly enhanced proliferation
and cytokine production by memory or recently activated T cells (tetanus toxoid and MBP). Blockade of PD-L1 alone had more
effect than PD-L2, consistent with its higher expression on ex vivo dendritic cells; furthermore, anti-PD-L1 plus anti-PD-L2 resulted
in the greatest enhancement. Moreover, PD-L1-Ig inhibited anti-CD3 induced activation of naive, memory, and recently activated
CD4* T cells. Together, our data demonstrated PD-1 functioned as a negative regulatory pathway on naive T cells during a primary

response, and more potently, on memory or recently activated T cells during a secondary response.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Previous studies have demonstrated that optimal T
cell activation requires two signals: an antigen-specific
signal through the T cell receptor (TCR) and a costimu-
latory signal [1,2]. Ligation of CD28 on T cells through
binding its ligands, B7-1 (CD80) and B7-2 (CD86), on
the surface of antigen presenting cells (APC) delivers a
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potent costimulatory signal [3-6]. PD-1,! a new member
of the CD28 family, is transcriptionally induced in acti-
vated T cells and B cells [7-9] and contains ITIM and
ITSM motifs [10-12]. The ligands for PD-1 (PD-L1 [13]
and PD-L2 [14], also known as B7-HI [15] and B7-DC
[16]) are structurally related to the B7 family, and can be
induced in monocytes, dendritic cells, endothelial cells,
keratinocytes, and B cells [13-17].

Previous studies demonstrated that BALB/c mice
deficient in the PD-1 gene developed an early onset
autoimmune dilated cardiomyopathy associated with

U Abbreviations used: PD-1, programmed death-1; PD-L, PD-1
ligand; PBMC, peripheral blood mononuclear cell; DC, dendritic cells;
TT, tetanus toxoid; MBP, myelin basic protein; SD, standard
deviation.
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auto-antibody against heart tissue [18]. In C57BL/6
mice, disruption of the PD-1 gene led to a late onset of a
systemic lupus erythematosus (SLE) [19], and polymor-
phisms in the human PD-1 gene are associated with
development of SLE, rheumatoid arthritis, and diabetes
[20-22]. Blockade of the PD-1 ligand during EAE or dia-
betes exacerbate the diseases [23,24]. Furthermore, like
CTLAA4, ligation of PD-1 on human T cells suppresses
their activation including proliferation and cytokine
production [13,14,25,26]. Given the importance of PD-1
as an immunosuppressive pathway and the loss of
peripheral tolerance in autoimmune disease, we investi-
gated the role of the PD-1 ligand/PD-1 pathway during
activation of human T cells. Previous work has shown
that blockade of PD-1 ligand on dendritic cells (DC)
could stimulate alloresponses [17,27] but no examination
of human soluble antigen-specific responses has been
reported.

Moreover, the role of PD-L1 and PD-L2 is controver-
sial with some studies supporting a stimulatory role
[15,16,28], particularly on naive T cells [16]. Since PD-1 is
expressed following T cell activation, the possibility
exists that PD-L1 and PD-L2 might engage a stimula-
tory receptor on naive T cells but an inhibitory receptor,
PD-1, on memory T cells. Consequently, we examined
the effects of PD-L1-Ig and PD-1 ligand blockade on
naive, memory, and recently activated T cells. Using spe-
cific antigens (TT or MBP), our studies revealed that
blockade of PD-1 ligand slightly enhanced naive T cell
activation in a primary response, and had a much stron-
ger enhancing effect on memory and recently activated T
cells during a secondary response. Our data also demon-
strated that blockade with PD-L1 and/or PD-L2 mAbs
enhanced T cell activation in response to anti-CD3 stim-
ulation. Conversely, PD-L1-Ig inhibited T cell activation
of naive, memory, and recently activated CD4" T cells in
response to anti-CD3 or anti-CD3/CD28. In summary,
our data demonstrated a negative role for PD-1 pathway
during both primary and secondary stages of T cell
activation.

2. Materials and methods
2.1. Subjects

Peripheral venous blood was obtained from normal
donors after informed consent under IRB approval.

2.2. Antibodies and Ig fusion proteins

Monoclonal antibodies to human PD-L1 (29E.2A3,
mlgG2b) and PD-L2 (24F.10C12, mlIgG2a) were pre-
pared as previously described [14,17] and have been
shown to block the interaction with PD-1 [17]. Anti-CD3
(UCHT1), mouse IgG2a, IgG2b, CD4-PE, Lineage

cocktail 1, CDl1l1c-PE, and IgGI-PE were purchased
from PharMingen (San Diego, CA). Biotinylated PD-L1
and PD-L2 were prepared as previously described [29]
and used for FACS analysis. Anti-CD3 (OKT3) was
from American Type Culture Collection (Manassas,
VA). Anti-CD28 (3D10) was a generous gift of Dr. Mary
Collins (Wyeth Research, Cambridge, MA). PD-1-PE
was purchased from eBioscience (San Diego, CA). Teta-
nus toxoid was purchased from Massachusetts Biologi-
cal Laboratory (University of Massachusetts Medical
Center, Jamaica Plain, MA). Human PD-L1-murine
IgG2a fusion protein (PD-L1-Ig) [9,13] was a generous
gift of Dr. Mary Collins (Wyeth Research, Cambridge,
MA). Human MBP was extracted from brain as previ-
ously described and its purity is greater than 99% [30].

2.3. FACS staining

For staining of PD-1 ligand expression on PBMCs,
freshly isolated PBMCs were stained with Lineage cock-
tail 1 (Linl) (containing FITC-conjugated antibodies
against CD3, CD14, CD16, CD19, CD20, and CD56),
PE-conjugated anti-CD11c, and biotin-conjugated anti-
PD-L1 or anti-PD-L2 on ice for 30 min, cells were then
washed twice with FACS buffer (1% BSA, 0.02% sodium
azide, in 1x PBS), followed by another 15min incuba-
tion on ice with streptavidin-CyChrome (BD PharMin-
gen). Cells were then washed twice with FACS buffer
before FACS analysis on a FACScan (BD PharMingen).
For PD-1 expression, MBP-specific T clones (Ob.1A12,
Ob.20b [31]) were stimulated with plate bound anti-CD3
(UCHT]1, 0.5 pg/ml) plus anti-CD28 (1 pg/ml) for 48 h.
Cells were then harvested, washed, and stained with PE-
conjugated mouse anti-human PD-1.

2.4. Purification of CD45RATRO~, CD45RA™RO", and
CD45RA*RO* CD4* T cells

CD4" T cells were purified from PBMCs of normal
healthy donors using a CD4" T cell isolation kit (Milte-
nyi Biotec, Auburn, CA) as described by the company.
Briefly, PBMCs were resuspended at 10%ml in cold
buffer (PBS containing 0.5% bovine serum albumin,
0.5mM EDTA) and incubated with hapten-conjugated
antibodies (anti-CDS, CDI14, CDI16, CD19, CD?36,
CD56, CD123, TCRY/8, and glycophorin A). Cells were
incubated with beads conjugated with anti-hapten anti-
body followed by passage through a magnetic column
(Miltenyi Biotec, Auburn, CA). CD4™ T cells will flow
through the column while CD4~ cells are retained.
Purified CD4* T cells (purity >95%) were then washed
twice followed by incubation with either CD45 RA
beads or CD45RO beads and negative selection through
a LD magnetic column (Miltenyi Biotec, Auburn, CA).
FACS analysis revealed that CD45RA™ cells contained
>95% CD45RA™RO" CD4" T cells and CD45RO™ cells
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contained >95% CD45RATRO™ CD4" T cells. For the
purification of CD45RARO" T cells, CD4" T cells were
stained with CD45RA-FITC and CD45RO-CyChrome
antibodies (PharMingen, CA) and sorted by FACSVan-
tage SE (BD Bioscience, San Jose, CA). The purity of
CD45RARO" CD4" T cells was >99%.

2.5. In vitro stimulation of PBM Cs with anti-CD3 and
tetanus toxoid

PBMCs were purified by Ficoll/Hypaque density
gradient centrifugation (Pharmacia Biotech, Uppsala,
Sweden), and 1.5 x 10° cells/well were plated into 96-well
U-bottomed plates. Soluble anti-CD3 (OKT3) or teta-
nus toxoid (TT) was added followed by 5 days culture.
Cytokines in the supernatant were measured by ELISA
and proliferative responses were assessed by the incorpo-
ration of [*’H]thymidine during the last 24 h. To measure
TT responses by CD45RA*RO~, CD45RA™RO*, and
CD45RA™RO"* CD4" T cells, 5 x10* cells per well were
stimulated with 0, 0.1 or 1 flocculation units/ml (Lf/ml)
TT for 7 days in the presence of irradiated autologous
PBMCs as APC. On day 7, cytokines were measured by
ELISA and proliferative responses were assessed by the
incorporation of [*H]thymidine during the last 24 h.

2.6. Effect of PD-LI1-1g fusion protein during T cell
activation

To determine the effect of PD-L1-Ig fusion protein
during T cell activation in response to anti-CD3 and/or
anti-CD28, purified subsets of CD4" T cells
(CD45RATRO™, CD45RA™RO", and CD45RA*RO")
were stimulated with plate bound anti-CD3 (UCHTI,
PharMingen, CA) and/or anti-CD28 (3D10), in combi-
nation with 0, 2 or 5 pg/ml plate bound PD-L1-Ig for 5
days in 96 U-bottomed plates (5 x 10* cells/well). Plates
were coated with 0, 2 or 5 pg/ml PD-L1-Ig, 1 pg/ml anti-
CD3 and/or 1 pg/ml anti-CD28 for 2h at 37°C in 100 ul
PBS solution. Mouse IgG2a was added as needed to
keep the amount of total protein constant at 7 ug/ml.
Plates were washed twice with PBS before cell culture
was initiated. Cytokines in the supernatant were mea-
sured on day 5. Proliferation was measured on day 6 by
pulsing with [*H]thymidine during the last 24 h.

2.7. 11-day assay for primary T cell activation

PBMCs from normal donors were prepared as
described. Briefly, blood from healthy adult donors was
centrifuged at 1000rpm for Smin and autologous
plasma at the top was harvested and used to constitute
media after heat inactivation at 56°C for 30min.
Peripheral blood mononuclear cells were separated by
Ficoll/Hypaque density gradient centrifugation (Amer-
sham, Uppsala, Sweden) and were washed three times

thereafter. Cells were plated in 96-well U-bottomed
plates at 1.5 x 10>/well and cultured in media (RPMI-
1640), 2mM glutamine, 1000 U/ml penicillin, 10 pg/ml
streptomycin, 10mM Hepes, 1 mM sodium pyruvate,
and 1% (vol/vol) non-essential amino acids (all from
Gibco, Grand Island, NY) containing 5% autologous
plasma, with or without 40 pg/ml human MBP in combi-
nation with 10pg/ml anti-human PD-LI1 and or anti-
PD-L2 or isotype controls (mouse IgG2a or mouse
IgG2b) for 11 days. Hundred microliters of supernatant
was removed to measure cytokines on day 11. Cells were
then pulsed with 1pCi/well [*H]thymidine (NEN Life
Science Products, Boston, MA) in 100 pl fresh media for
another 24 h. Cells were then harvested on a Tomtec cell
harvester (Tomtec, Orange, CT), and incorporation of
[*H]thymidine was determined using liquid scintillation
counter (1205 Betaplate counter; LKB-Wallac). Positive
wells were defined as having CPM or cytokines greater
than the mean plus two standard deviations of the 30
isotype control wells cultured without MBP.

2.8. Cytokine ELISA

Cytokines in culture supernatants were assayed by
ELISA using Abs to human IL-10, IL-13 (BD PharMin-
gen), or IFN-y (Endogen, Woburn, MA) according to
the manufacturer’s instructions.

2.9. Secondary T cell responses

PBMCs were stimulated with or without 40 pg/ml
human MBP for 11 days in media with 5% autologous
plasma. Cells were then rested for 2 days, changing
media each day, and each well was then split into four
conditions into a 96-well round-bottomed plate and
cultured with 10° irradiated autologous PBMCs as
APC, with or without 40 pg/ml human MBP, in the
presence of 10pg/ml anti-PD-L1 plus anti-PD-L2 or
isotype controls for 3 days. Each condition was per-
formed in duplicate. On day 3, cytokines in the super-
natant were measured by ELISA, and cells were pulsed
with 1 pCi [*H]thymidine per well and proliferation was
measured. A positive well was defined by SI >2 and
ACPM >2500 (SI=(CPM of the wells with MBP)/
(CPM of the wells without MBP)), ACPM = (CPM of
the wells with MBP) — (CPM of the wells without
MBP). The control wells used to calculate SI or ACPM
were cells originating from the same primary culture
well and treated with the same antibodies but without
MBP.

2.10. Statistics

Paired Student’s 7 test was performed using INSTAT
software (GraphPad Software, San Diego, CA). A
p<0.05 was considered significant.
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3. Results

3.1. PD-LI is preferentially expressed on ex vivo dendritic
cells compared to monocytes

Previous studies have demonstrated PD-L1 and to a
lesser extent, PD-L.2, expression on in vitro cultured den-
dritic cells (DC) could be upregulated by IFN-y [13-
17,27]. IL-4 has been shown to strongly enhance PD-L2
and modestly upregulate PD-L1 expression on macro-
phages and dendritic cells [32-34], possibly in a STAT6
dependent manner [34]. IL-10 has been shown to upre-
gulate PD-L1 expression on monocytes and immature
DC but modestly downregulate expression on mature
DC [17,27]. To phenotype PD-1 ligands expression in
our system, we examined expression on ex Vivo
Linl CD11c¢* DC in freshly isolated PBMCs compared
to monocytes (Lin1*CD11c™" cells). Six of seven normal
donor’s Lin1 " CD11¢"DC expressed low levels of PD-L1
but little PD-L2 (Figs. 1A and B), and the percentage of
PD-LI1 positive cells was significantly higher than PD-L2
positive cells (p=0.013, paired Student’s ¢ test). In
contrast, monocytes from most donors expressed little
PD-L1 but three of seven donors had moderate levels of
PD-L2, though the expression levels of PD-L1 and PD-
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Fig. 1. (A) PBMCs from seven normal donors were stained with anti-
PD-L1 or anti-PD-L2 and anti-Linl as described. Data shown are
gated on Linl~CDIlc* for dendritic cells (open circles) or
CDI11c"Lin* for monocytes (filled circles). Each dot represents one
individual. (B) An example of FACS analysis of DC. Shaded is isotype
control, bold and unshaded is specific mAb for PD-L1 or PD-L2. (C)
PD-1 expression on activated T cell clones. MBP-specific clones were
stimulated with anti-CD3 and anti-CD28 or isotype control for 48 h,
and cells were then harvested and stained for PD-1. Data shown are
representative of two different clones.

L2 on monocytes cells were not significantly differently
(p=0.16). Nevertheless, the percentage of PD-L1*
Linl CD11c¢" DC was higher than PD-L1" monocytes
(22.5+ 14 and 3.7 £ 2.8, respectively, p = 0.0008), and the
percentage of PD-L2* Lin1"CD11c¢* DC was lower than
that of PD-L2" monocytes (5.745.5 and 12.1£16.2,
respectively, p<0.05). Thus PD-L1 was preferentially
expressed on ex vivo Lin1"CD11¢*DC while PD-L2 was
expressed moderately on CD11c™ monocytes, suggesting
PD-L1 might have a more prominent role in regulating
T cell activation by DC. The expression of PD-1 on rest-
ing and activated MBP-specific T cell clones was also
examined. PD-1 was not expressed on two resting MBP-
specific T cell clones but was strongly induced at 48h
after stimulation with plate bound anti-CD3 plus anti-
CD28 (Fig. 1C).

3.2. PD-1 ligand/PD-1 pathway plays an inhibitory role
during T cell activation in response to anti-CD3
stimulation

We investigated the functional role of PD-1 ligand/
PD-1 interaction in T cell activation by blocking the PD-
1 ligand/PD-1 pathway using mAbs against PD-L1 and/
or PD-L2. The effects of blocking PD-1 ligand on regu-
lating T cell activation in response to soluble anti-CD3
in cultures of PBMCs were examined (Fig. 2). Our data
showed that blockade of PD-1 ligand enhanced T cell
proliferation and cytokine production. Blockade of both
PD-L1 and PD-L2 ligands had the strongest enhancing
effect on T cell proliferation and production of IFN-y,
IL-13, and IL-10 with 3-fold and 4-fold increases in pro-
liferation and IFN-y production, respectively, at 0.1 pg/ml
anti-CD3. Blockade of either PD-L1 or PD-L2 alone
also enhanced T cell activation in response to anti-CD3
stimulation, but to a lesser extent than the combination
of both mAbs. PD-L2 blockade had less effect compared
to blockade of PD-L1 alone and showed considerable
donor-to-donor variability ranging from none to modest
effect. Together, these data demonstrated that blocking
PD-1 ligands enhanced T cell activation, indicating an
inhibitory role during T cell activation.

3.3. PD-LI-1g inhibits proliferation and cytokine
production in both memory and naive CD4™ T cells

Since PD-1 is not expressed in naive or resting T cells
and is upregulated following T cell activation, other
studies have proposed an alternative receptor for PD-1
ligands that could mediate a stimulatory rather than an
inhibitory signal for T cell activation. Consequently, we
examined whether PD-L1-Ig had differential effects on
the responses of CD45RA*RO™ (naive), CD45RATRO™
(memory), and CD45RATRO" (recently activated)
CD4" T cells [35] upon stimulation with plate bound
anti-CD3 or anti-CD3 plus anti-CD28 (Fig. 3B).
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Fig. 2. Blockade of PD-L1 or PD-L2 enhanced T cell activation in
response to anti-CD3. PBMCs from normal donors were plated at
1.5 x 10%/well in 96-well U-bottomed plates and stimulated with the
indicated concentrations of soluble anti-CD3 for 5 days. Proliferation
was measured on day 5 by pulsing with [*H]thymidine for another
24 h. Cytokine levels in the supernatant were measured by ELISA.
Open squares are isotype control mAb, filled squares are anti-PD-L1,
closed triangle are anti-PD-L2, and filled circles are anti-PD-L1 plus
anti-PD-L2. Donor number is indicated in the upper left.

Memory and recently activated T cells proliferated more
strongly in response to anti-CD3 compared to naive T
cells (p<0.05). However, this difference was no longer
observed when anti-CD28 was added (p =0.2), confirm-
ing the importance of CD28 for activation of naive T
cells. Our data showed that naive T cells did not produce
cytokines upon stimulation with anti-CD3 alone, while
addition of anti-CD28 led to low levels of IFN-y, IL-13
and IL-10, which were completely suppressed by PD-L1-
Ig at 2 pg/ml (p<0.01). Memory and recently activated
CD4" T cells produced high levels of IFN-y and these
levels were greatly reduced by PD-LI-Ig at 2pg/ml
(»<0.05) and 5pg/ml of PD-L1-Ig further suppressed
cytokine production compared to 2pg/ml PD-L1-Ig
(p<0.01). Furthermore, memory CD4" T cells produced
high levels of IL-10 and IL-13 and these levels were
strongly inhibited by PD-L1-Ig (p <0.05). These results
suggest that PD-1 or other receptor for PD-L1 function
to inhibit activation of naive, memory, and recently acti-
vated CD4" T cells (see Fig. 3).

3.4. Role of blockade of the PD-1 pathway on memory T
cell responses to TT

To further examine the role of the PD-1 pathway dur-
ing antigen-specific responses, we examined the effect of

B anticp3 anti-CD3 &

anti-CD28
2~ 30— 500,
J 3 A,
=11 zso-:“«, CPM
* 2.\_ ANY
E 0~ 0l
A g 26 sor,
g & ui“.,. 2s| ""'.h IFNy
g ? u:.&a 0';"""5"
o S . 50
= s\ 13
SN, P}
g Oiobue  Ol-he
:g_:‘u:o—;w 16
5| # % o

UIM-- U.-’-n-n—o.
0zs 02s

PD-L1-lg (pg/ml)
~0~ RA‘RO"
~o— RARO*
—o— RA‘RO*

Fig. 3. PD-L1-Ig inhibited proliferation and cytokine production by
subsets of CD4" T cells (CD45RA*RO~, CD45RA"RO™, and
CD45RA*ROY) in response to plate bound anti-CD3 or anti-CD3
plus anti-CD28. (A) Sorting gate for CD45RA*RO™ CD4* T cells. (B)
96 U-bottomed plates were coated with 0, 2 or 5 pg/ml PD-L1-Ig, 1 pg/ml
anti-CD3 and/or 1 pg/ml anti-CD28 for 2h at 37°C in 100 ul PBS
solution. mIgG2a was added as needed to keep the amount of Ig con-
stant at 7 pg/ml. Plates were washed twice with PBS before cell culture
was initiated. Cytokines in the supernatant were measured on day 5.
Proliferation was measured on day 5 by pulsing with [*H]thymidine
for another 24 h. Data shown are one of three experiments with similar
results and statistical analysis used paired Student’s ¢ test comparing
means from all experiments.

PD-1 ligand blockade on memory T cell responses using
tetanus toxoid, a well-characterized antigen for recall
responses. PBMCs were cultured with varying concen-
trations of TT and proliferation and cytokine responses
were determined (Fig. 4A). Blockade of PD-L1 enhanced
proliferation at low TT antigen concentration (0.1 Lf/ml,
p<0.01, paired Student’s 7 test) and had less enhancing
effect at higher antigen concentration (1 Lf/ml, p =0.07).
However, blockade of PD-L1 significantly enhanced
cytokine production at either low or high antigen con-
centration compared to antigen alone (p <0.01 for both
0.1 and 1Lf/ml). Blockade of PD-L2 significantly
enhanced IL-13 and IL-10 production at both 0.1 and
I Lf/fml of TT (p<0.01), however, blockade of PD-L2
significantly enhanced IFN-y and proliferation only at
low antigen concentration (p<0.01 at 0.1 Lf/ml and
p=0.16 at 1 Lf/ml). Combined blockade of PD-L1 and
PD-L2 significantly enhanced proliferation and cytokine
production at both low and high antigen concentration
(»<0.01), and there was an additive enhancing effect. In
general, PD-L1 blockade contributed more than PD-L2
blockade but there was individual variation. Since PD-1
ligands can be induced on both APC and T cells, we
tested whether blocking on APC or T cell was more
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Fig. 4. Blockade of PD-L1 or PD-L2 enhanced T cell activation in response to tetanus toxoid (TT). (A) PBMCs from normal donors were prepared
as described, and plated at 1.5 x 10°/well in 96-well U-bottomed plates, and were stimulated with various concentration of TT for 7 days. Cytokine
levels and proliferation were assessed as described. Each row indicates an independent donor. (B) CD45RA*RO~, CD45RA-RO™, and
CD45RA*RO* CD4* T cells (purity >95%) were prepared as described in Section 2, and cultured with irradiated autologous PBMCs as APC. T cells
were cultured in the presence of various concentrations of TT, anti-PD-L1 (10 pg/ml) and/or anti-PD-L2 (10 pg/ml) or isotype controls for 7 days.
Proliferation and cytokine levels in the supernatant were measured as described. Data shown are one of three experiments with similar results and
statistical analysis used paired Student’s ¢ test comparing means from all experiments.

important. APC or T cells were preincubated with mAb,
washed, and then cultured together. Preincubation of
APC with mAb enhanced T cell activation but preincu-
bation of T cells had no effect (data not shown, TT or
anti-CD3), suggesting that expression of PD-1 ligands
on APC was more important in our system.

We also examined whether PD-1 ligand blockade had
differential effects on the TT responses of
CD45RATRO™ (naive), CD45RA"RO* (memory), and
CD45RA*RO" (recently activated) CD4" T cells (Fig.
4B). Naive CD4" T cells did not significantly proliferate
in response to TT, consistent with their being naive T
cells that have not seen antigen previously. Nevertheless,
the blockade of both PD-1 ligands enhanced production
of IFN-y and IL-13 by naive T cells, particularly at high
antigen dose (p <0.01). The blockade of PD-1 ligand had
a more potent enhancing effect on proliferation or cyto-
kine production of memory or recently activated T cells
compared to naive CD4" T cells in response to TT.
Briefly, memory and recently activated CD4" T cells
both proliferated vigorously to TT, and recently acti-
vated CD4" T cells proliferated modestly even in the
absence of antigen stimulation, consistent with their
recent activation status [35]. Proliferation of both mem-
ory and recently activated T cells was moderately
enhanced by blockade of PD-L1 and PD-L2 (p<0.05),
and IFN-y production was increased 2-fold (p<0.01)
with PD-L1 blockade accounting for most of the
enhancement. Blockade of PD-L2 enhanced prolifera-

tion and IFN-y production by memory and recently acti-
vated T cells only at low concentration of TT (0.1 Lf/ml,
p<0.01 for both IFN-y and proliferation) but not at
high concentrations of TT (1Lf/ml TT, p>0.1). IL-13
and IL-10 production were also enhanced by PD-1
ligand blockade but there was more individual variation
in the importance of PD-L1 or PD-L2 on production of
IL-13 and IL-10 than on proliferation and IFN-y pro-
duction, where PD-L1 was more significant. The
enhancement was dependent on the presence of antigen
(TT).

3.5. Effects of blocking PD-L1 and PD-L2 during primary
responses to MBP by human PBMCs from normal
healthy donors

In order to examine the role of PD-1 ligands in naive T
cell responses, PBMCs from normal healthy donors were
stimulated with 40 pg/ml human MBP for 11 days, and
proliferation and IFN-y production were determined
(Fig. 5). An 11-day culture was optimal for detecting T
cell responses to MBP and 30 wells were analyzed for
each condition. As expected for naive T cell responses to
MBP as a primary response, only a few wells showed a
positive response (Fig. 5) and we thus analyzed only wells
with positive responses (Fig. 5), defined as wells with
CPM or IFN-y greater than the mean plus 2 SD of the
isotype control. For proliferative responses, there was a
small increase in the percentage of positive wells when
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Fig. 5. Effect of PD-1 ligand blockade on T cell proliferation and IFN-
v production during a primary response to MBP. PBMCs from nor-
mal donors were stimulated with 40 pg/ml MBP along with 10 pg/ml
anti-PD-L1 and/or anti-PD-L2 or isotype controls for 11 days. IFN-y
in the supernatant was measured by ELISA, and proliferation was
measured by [*H]thymidine incorporation on day 11. Each experiment
was performed with PBMCs from a single healthy donor and six
experiments are shown. For all six donors, the data were analyzed by
calculating the percentage of positive wells, which equals the number
of positive wells divided by total numbers of wells (= 30) and multi-
plied by 100. Proliferation and IFN-y positive wells were defined as
described in Section 2.7. Each symbol indicates the value for one
donor. Solid horizontal lines indicate averages of six donors for each
condition (*p <0.05).

MBP was added to the culture, consistent with a primary
response of normal donors to MBP, but this was not sta-
tistically significant (compare A and E, p=0.22, paired
Student’s 7 test, Fig. 5). The addition of either anti-PD-L1
or anti-PD-L2 alone resulted in a small increase in posi-
tive wells in the absence or presence of MBP, but this was
not statistically significant (A and B, A and C,Eand F, E
and G, p>0.05). However, the combination of anti-PD-
L1 and anti-PD-L2 significantly increased the percentage
of positive wells in the absence or presence of MBP
(»p=0.0007 for A and D, p=0.013 for E and H, respec-
tively). The increase in proliferation in the absence of
MBP but presence of anti-PD-L1 and anti-PD-L2 sug-
gests that PD-1 ligand blockade can also enhance the
response of other T cells in the population, making it
difficult to observe an MBP-specific effect on prolifera-
tion. To eliminate the possibility of this background pro-
liferation being due to the presence of foreign antigens,
these experiments were performed in the presence of
autologous serum. These results suggest that blockade of
PD-L1 or PD-L2 might lead to enhanced T cell activa-
tion in response to self-peptide in the context of self-
MHC. This background increase could be inhibited by
anti-DR antibodies (data not shown), indicating the
response is MHC class Il-restricted. In the presence of
MBP, blockade of PD-L1 and PD-L2 led to a further
small increase in the percentage of positive wells but this
was not statistically significant (p = 0.20 for D and H).

The enhancing effect of blockade of PD-L1 and/or
PD-L2 on IFN-y production was more significant than
the effect on proliferation. The addition of MBP to the
culture moderately increased the percentage of IFN-y
positive wells compared to its absence (p =0.02 for A
and E). The addition of anti-PD-L1 had more effect than
anti-PD-L2 on increasing the percentage of positive
wells in the absence of MBP (p<0.05 for A and B,
p =043 for A and C), and the combination of both anti-
bodies had the strongest effect (p = <0.01 for A and D).
Furthermore, there was a significant further increase in
IFN-y production when MBP was present and PD-L2 or
PD-L1 and PD-L2 were blocked (p <0.01 for C and G;
D and H). Together, our data showed that blockade of
both PD-1 ligands had a stronger enhancing effect than
either alone. Moreover, the enhancement of IFN-y pro-
duction was more significant than proliferation during a
primary response to MBP by normal donors.

3.6. Blockade of PD-1 ligand enhanced M BP-specific
responses during secondary T cell responses

The results presented in Fig. 5 showed that PD-1
ligand blockade enhanced the cytokine production of T
cells in a primary response to MBP. We also examined
the effect of PD-1 ligand blockade during secondary stim-
ulation of recently activated MBP-specific T cells. Briefly,
after an 11-day primary stimulation with MBP in the
absence of PD-1 ligand blockade and a 2-day rest, each
culture well was split into four conditions and T cells
were stimulated for 3 days with irradiated autologous
PBMCs as APC with or without MBP, in combination
with isotype control or anti-PD-L1 plus anti-PD-L2
mAbs. A 3-day culture is long enough to assay the recall
response of already activated MBP-specific T cells and
short enough to avoid an increase in background prolif-
eration of non-MBP-specific T cells. Fig. 6A showed T
cell proliferation and IFN-y, IL-13, and IL-10 production
in wells that had an MBP-specific response (defined as
stimulation index of CPM >2 and ACPM >2500 in
response to MBP). By comparing the ACPM or Acyto-
kine (A =proliferation or cytokine levels with MBP
minus the value without MBP) between isotype and anti-
PD-L1 plus anti-PD-L2 (Fig. 6B), our data showed that
PD-1 ligand blockade significantly increased prolifera-
tion and IFN-y production of MBP-specific T cells in a
secondary stimulation (p <0.05 for both CPM and IFN-y
production, paired Student’s ¢ test). PD-1 ligand block-
ade had a variable effect on production of IL-13 (3
decrease, 1 increase, and 8 not detectable) and IL-10 (2
decrease, 4 increase, and 6 not detectable), perhaps as a
consequence of the increased IFN-y production (Fig. 6B).
Previous studies in mice have found that blockade of PD-
L2 during at the time of allergen challenge in asthma led
to enhanced IL-5 and IL-13 production and modestly
decreased IFN-y production [33], while studies by Curiel
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Fig. 6. PD-1 ligand blockade enhances MBP-specific responses during
secondary T cell stimulation. (A) PBMCs from normal donors were
cultured with 40 pg/ml human MBP for 11 days in a total of 30 wells.
Cells were then rested for an additional 2 days by culturing in new
media. Secondary stimulation was performed by dividing each culture
well into four groups and culturing with 10° irradiated autologous
PBMC:s as APC in the presence or absence of 40 pg/ml human MBP, in
combination with 10 pg/ml anti-PD-L1 and anti-PD-L2 or isotype con-
trols as indicated, in duplicate. Supernatants were harvested on day 3
for determination of cytokine production and T cell proliferation was
determined by [*H]thymidine incorporation on day 4. Data shown are
for MBP-specific wells, defined by ACPM > 2500 and SI>2. (B) The
change (A) in CPM or cytokine production in (A) was calculated by
subtracting CPM or cytokine levels of antibody without MBP from the
same antibody with MBP. Paired Student’s ¢ test was performed to cal-
culate the p value for ACPM or Acytokine production. A uniform sym-
bol is used for the four conditions from each primary well. There were
12 positive culture wells in total and data were pooled from four differ-
ent experiments (with 30 wells in each experiment).

et al. [36] showed that blockade of PD-L1 modestly
decreased IL-10 production and enhanced IL-2 and TFN-
vy production during immune response against human
tumor antigen. Thus, the PD-1 pathway is more like an
attenuating regulator rather than a regulator of Thl/Th2
differentiation. Together, our results showed that PD-1
ligand blockade also increased secondary T cell
responses, particularly proliferation and IFN-y produc-
tion, suggesting that the PD-1 pathway might be one of
the specific targets for immunoregulation of previously
activated antigen-specific T cells.

4. Discussion

Previous studies have demonstrated that PD-1 is a
member of the CD28 family and like CTLA-4 could

deliver a negative signal for T cell activation
[13,14,25,26]. PD-1 has two ligands PD-L1 (B7-H1) and
PD-L2 (B7-DC) that are members of the B7 gene family
[13-17]. PD-1 is expressed on activated T cells and might
be a target for immunoregulation for various diseases.
However, studies by other groups have suggested that
PD-1 ligands might deliver a positive signal for T cell
activation, particularly for naive T cells [16]. This raises
the question whether the PD-1/PD-1 ligand pathway has
different regulatory roles depending on T cell activation
status and the relative importance of the PD-1/PD-1
ligand pathway during primary and secondary
responses. In order to answer these questions, we exam-
ined the effect of PD-1 ligand blockade during primary
and secondary responses to antigen-specific stimulation
(MBP and TT). We also examined the effect of PD-1
ligand blockade or PD-L1-Ig on purified naive, memory
or previously activated CD4" T cells. Blockade of the
PD-1 ligand/PD-1 interaction with monoclonal antibod-
ies against PD-L1 and/or PD-L2 enhanced T cell prolif-
eration and IFN-y, IL-10, and IL-13 production by
PBMCs from normal donors in response to tetanus tox-
oid or anti-CD3, consistent with a negative regulatory
role for the PD-1 ligand/PD-1 pathway. In response to
TT or MBP, the inhibitory role of the PD-1 pathway was
more prominent in recently activated and memory T
cells during the secondary response compared to pri-
mary responses, consistent with its expression on acti-
vated T cells but not naive T cells. PD-L1-Ig was able to
inhibit activation of naive as well as recently activated
and memory T cells following anti-CD3 or anti-CD3/
CD28 stimulation. Together, our studies show that PD-1
plays a modest inhibitory role during primary T cell
responses and a strong inhibitory role during secondary
T cell responses.

Using blocking antibodies against PD-L1 or PD-L2,
our studies showed that blockade of PD-L1 or PD-L2
enhanced T cell activation in response to anti-CD3, TT
or MBP. Blockade of PD-L1 had more effect on enhanc-
ing T cell activation than PD-L2, consistent with our
finding that PD-L1 was expressed at higher levels than
PD-L2 on ex vivo isolated DC. This is in contrast to
studies with in vitro cultured, GM-CSF/IL-4 stimulated
DC in which PD-L2 blockade had a stronger effect [17].
In different DC populations, the relative importance of
PD-L1 or PD-L2 will likely depend on their relative lev-
els of expression and this will reflect the prior cytokine
milieu of the DC.

The role of the PD-1 ligand/PD-1 pathway has been
controversial with some groups reporting stimulatory
effects [15,16,28] and other groups an inhibitory effect
[13,14,17,27,37]. One possibility to explain these conflict-
ing results might be that different T cell populations
respond differently to PD-1 ligand, perhaps because of
differing expression of PD-1, alternative receptors, or
adapter proteins. Consequently, we examined the effect
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of PD-1 ligand stimulation or blockade on the activation
of naive, memory, and recently activated CD4" T cells.
Our data showed that PD-L1-Ig strongly inhibited pro-
liferation of naive T cells in response to plate bound
anti-CD3 or anti-CD3 plus anti-CD28. Cytokine pro-
duction by naive CD4" T cells was low but was also
inhibited by PD-L1-Ig. Using MBP antigen and normal
blood donors as a means to probe the response of anti-
gen-specific naive CD4™ T cells [38,39], we found that
PD-1 ligand blockade slightly enhanced the percentage
of responding T cells for proliferation and production of
IFN-y. Similarly, when recently activated CD4" T cells
(CD45RA*RO™) or memory T cells (CD45RA"RO")
were treated with PD-L1-Ig, T cell proliferation and
cytokine production were inhibited in both populations.
Consistent with this, when PD-1 ligands were blocked
with mAbs, T cell proliferation and cytokine production
of recently activated T cells or memory T cells were
enhanced in either antigen-specific responses (TT and
MBP) or stimulation with anti-CD3 or anti-CD3/CD28.
Thus the conflicting results do not seem to be due to
differing responses of T cell populations.

PD-L1 or PD-L2-Ig fusion proteins have been shown
to stimulate [15,16,28] or inhibit T cell activation
[13,14,27,37] and these conflicting results may be due to
the Ig fusion proteins acting as agonists in some situa-
tions and as antagonists in others [40]. The differing
results with Ig fusion protein might be explained by prep-
arations having differences in efficacy of ligand engage-
ment leading to productive engagement versus receptor
blocking. Differences in efficacy of ligand engagement
might be accounted for by different effective multimerici-
ties of the Ig fusion protein preparations. Indeed, studies
with angiopoietin-Ig fusion proteins have shown that the
dimeric form binds and blocks the Tie2 receptor but
higher order multimers bind and stimulate the receptor
[40]. Alternatively, there may be a second receptor for
PD-1 ligand which might stimulate T cell responses as
suggested by Dong et al. [15,41] and Tseng et al. [16].

All investigators have found that antibodies to PD-1
ligands enhance T cell responses [13,14,27,37]; however,
some groups have suggested this is due to the mAb
transmitting an activating signal through cross-linking
of PD-L1 into an activated T cell [42] or through PD-L2
into a dendritic cell [43]. The mAbs used in our work
have been shown to block the interaction between PD-1
ligand and PD-1 and to have the same enhancing effect
when used as monomeric Fab or whole antibody [17,27].
Consequently, we do not believe the enhancing effects
are due to cross-linking.

The effect of PD-1 ligand blockade was most pro-
nounced during secondary stimulation of T cells, consis-
tent with the expression of PD-1 on activated T cells.
Releasing this inhibition may contribute to the develop-
ment of autoimmunity. Indeed, polymorphisms in
human PD-1 are associated with susceptibility to lupus

erythematosus, rheumatoid arthritis, and diabetes [20—
22]. C57BL/6 mice deficient in PD-1 develop a late onset
lupus-like arthritis with glomerulonephritis, which is
accelerated by the introduction of the Ipr (CD95, fas)
mutation [19]. Studies with blocking mAbs by Salama
et al. and Ansari et al. also demonstrated a negative reg-
ulatory role of the PD-1 pathway during T cell activa-
tion against self-antigen in two different mouse models
(EAE and Type I diabetes) [23,24]. Together, these stud-
ies strongly suggest that PD-1 has an important inhibi-
tory pathway for peripheral tolerance.

Together, our data demonstrated that the PD-1
ligand/PD-1 pathway functioned as a negative regula-
tory pathway for naive T cell activation during a pri-
mary response to MBP or TT, and more importantly, on
previously activated T cells or memory T cells during the
secondary response. These results indicate that T cell
activation is a summation of positive signals provided by
such signals as TCR avidity and number, B7-1 and B7-2/
CD28 mediated costimulation, ICOS/ICOS-ligand, and
other positive costimulatory signals balanced against
negative signals provided by PD-1 ligand/PD-1, B7-1
and B7-2/CTLA-4 as well as other inhibitory signaling
pathways. The PD-1 ligand/PD-1 pathway antagonizes
the activation of T cells including autoreactive cells,
thereby assisting in the maintenance of peripheral toler-
ance. Immune inhibition via PD-1 might be a good can-
didate for immunotherapy since this pathway is most
active in previously activated T cells.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.cel-
limm.2004.09.004.
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