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Progress in antiretroviral drugs

Wataru Sugiura

AIDS Research Center, National Institue of Infectious Diseaseas
E-mail: wsugiura@nih.go.jp

HIV-], causative agent of acquired immunodeficiency syndrome, was identified in the early 1980s . The
plague quickly spread throughout the world and today 40 million people are living with HIV/AIDS.
The first anti-HIV drug "zidovudine", was discovered in 1985, and many other inhibitory compounds have
been developed successfully in the last decade. Today, three classes 17 antiretroviral drugs are
available in Japan. This article overviews the history of anti-HIV drug discovery, present HIV-1
treatment, and on-going drug discovery.
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1985 i il B GHAE + D FI1c X 0 zidovudine AR\
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Bhid -1 OBEDEEICIRAMOEETH A
Do SRR 17 FEHAE, X7 LA v F R EREEIAER 7 E
B, X7 vty FRUEEEMRIBZL3ER LT
w77 - EREX 7 HEE At 17T EEOERLFER SN
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SOWHEZ 3RHICE S, BIEbYEAA v LT 5 —
FEH], 1 v 7 75— CRHERL &0 157 5 2 DK
FAEMNEFIITONTE D, SHBEAIREOEINEEZ
TWL 2 EPHRFan 5, FFEOWEFICH LT, Thid
EZHOIGEERDEONTE LRI Em, —o—
DI E B O HIV/AIDS 2FRT 27 DI R LT
ENBNOELEVAL D,

B O & iREER O B 1E AIV-1 I BRI & v
SEc I ELOREARE, BN/IBEORRICL 35T
BORDE, T b S HIV-1 BEHEIC 4 2T A2ER
SEDOHBLITH B, 4H, LEEET KA
HIV-1 T L A7 s BMLADEIRE N TV B2, Chid
ZDEHANTANRFENE L CESBOE(LIREICH 5 &
BEAbND, &HBWVIE, EHIMMERRIC X 5 BEOIEARE
HIV (CHE OFETIR 2 L, (e < o ) 715 & 0 ERiG
BEOSTONTOAMORIYFICB VT HFRT NE K&K
MEELS > TWA I EAEZ B L, SORIIEH HIV %
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LEISTE B,

SoHEREE IS B 1T B EFIM M HIV-1 (T & B R RE
DRY%E

T, FHIMYE HIV-1 1c & 3R E D X 5 kiR
WIE->TWBDTHA DM, F1ICHAKEREFEORFEE
T b o EERETITb N T REREE B T B AT
HIV-1 OFEEREE L0772, CoXKE2—BLTH2
DiF, BEERHICGAEM TOh I bbb 69, |
ittt HIV O SIS IC L D RSB -TWA T
ETH D, —2OHHE L CIIAEEHICERMHER TS
Z L CEAMMEOERBSRL > T I EBBT LN 3B,
bOo—o DAL L CHEREN O, AE BEE
BE) WSt HIV-1 OEEE A 2ROEE LR T TH Y,
RN & 2 G DILARPEEOEFICRH L Thic T
EHEZ LN,

T D K I HERIE HIV-1 ORHBSEESIE 5> —F
T, ABEMTHELCROATWEER H B, 13,
EORBEIC BT HMMEORHFE N X 7 L 4 v F Rz
EREHEFN THROEVWIETH b, JHEERITRTEA
T, FEERSTHICR 7 LA v FRYIEERERERIE
IOEEIBBRICAVONTEEH & ->THB Y, HIV-1
BEEEERINIC R 7 LA v KRR SR EHIR T~ A
WANEE L2252 EEMMLTVWEDTHSH, T
et LCIER 7 LA v FRFIRERERESN & 7o 7
7 — CHFAN T At R c > TR I L -
THERE S AN D > TO B, flhIEX 7 LA v K RO
HRPHEE OIS PEV LI TH L, INH27 5 ZDHE
Alid = 7 vA v PRSI ERERAEANC LN S & F 72
ORI NED GRS THERRE) LY Ths I,

FIORLEHEBDOE & A E B BANSEEFREICEL -
Tirbh TV B, KRR EZFRE & EZERE =
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TFLTIT-» =&MW 2oH b, H2D LittleFH & #3 D i, JER 7 LA v K RNGEBSEREREE T o 77—
Simon FOFETH D, D2 ODOFWEAERICE T AR YIHERIME CREZTRE & BRZHRE TIT - - HHk
T EETRE & IR EORBA L TEA2< 0 REHEBIEF—HLTVLZ0IRELT, X7 L4 v FRYHEE

® 1 FEAEICE T 2RI & 2 FORIEUSER WS

prevalence
Author and Group country year test N ref
Total NRTI NNRTI PI
Novak RM
1 Terry Berin Community Programs for cli- uUs 1999-2001 Genotyping n=491 11.6% 7.8% 3.0% 0.7% 10
nical Research on AIDS_058 study team
Little SJ 1995-1998 Genotyping n=213 8.0% 8.5% 1.7% 0.9% 4
; Richmann DD USA Phenotyping n=264 3.4% 2.3% 1.9% 0.4%
1699-2000 Genotyping n=88 22.7% 15.9% 7.3% 10.2%
Phenotyping n=114 12.4% 8.5% 7.1% 8.0%
Simon V & Markowitz M 1995-2001 Genotyping n=76 13.2% 11.8% 2.6% 1.3% 9
3 USA Phenotyping n=60 10.0% 8.3% 3.0% 1.7%
1699-2001 Genotyping n=78 19.7% 14.5% 6.6% 5.1%
Phenotyping n=74 10.8% 2.7% 8.1% 5.4%
. Wegnfef S USA 1997-1998 Genotypi.ng n=95 22.1% 4.0% 15.0% 10.0% 6
US military Phenotyping n=91 29.7% 8.0% 26.0% 1.0%
5 Weinstock HS USA  1997-2001 Genotyping n=1082 8.3% 6.4% 1.7% 1.9% 12
H GJ '
6 oA USA 1999  Genotyping n=88 18.0% 14.0% 5.0% 2.0% 11
D’Aqila RT
Boden D
7 Coeen® USA 1999  Genotyping n=80 16.3% 12.5% 7.5% 3.8% 14
Markowiz M
8 Alexander CS Canada 1997-1998 Genotyping n—=479 6.3% ----- 3.4% ----- 3.8% 2
Al der CS Canad
g reHander Y 1996-1998  Genotyping  n=57 19.2% 14.0% 7.0% 1.9% 3
Vancouver
10 Routy JP Canada  1997-2000 Genotyping n=127 13.0% 11.0% 2.4% 5.5% 15
Montreal 2001-2003 Genotyping n=53 4.0% -0.0% 1.9% 1.9%
Sal H Genotypi =56 NR* ----- 22.0% ----- 12.0% 18
jp oxomon , Canada  1997-1999  nooPImE 1 y g
Quebec Primary Infection Study ‘Genotyping n=21*%* NR ----- 24.0% ----- 24.0%

UK collaborative G on Monitori
12 coflaborative froup on MOMIOMNE  yx 1994-2000 Genotyping n=69 14.5% 11.6% 4.3% 1.4% 5
the transmission of HIV Drug Resistance

13 ‘Descamps D . . France 1998 Genotyping n =391 3.7% 3.3%  0.8% 1.9% 8
ANRS antiretroviral Resistance Study (51.1%) (49.2%)
14  Chaix ML France 1999-2000 Genotyping n=249 10.0% 8.0% 4.0% 6.0% 7
15 Duwe Germany  1996-1999  Genotyping NR - 9.0% ----- 5.0% 16
16 Romano L Italy 1996-2000 Genotyping n=116 12.9% 12.9% 0.0% 0.9% 1k3
17  Martinz-Picado Spain 2004 Genotyping n=182 3.8% 2.2% 1.1% 0.5% 20
18 Maljkovic 1 Sweden 1998-2001 Genotyping n=100 9.0% 7.0% 5.0% 1.0% 21
19 Jorgensen LB Denmark 2000 Genotyping NR ----- 2.0% ----- 0.0% 19
20 Ammoranond P Australia  1992-2001  Genotyping NR ----- >9.0% **** 0.0% 17

*NR : Not reported
** . IVDU data
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Mitsuya H, Weinhold KJ, Furman PA, St. Clair MH,
Lehrman SN, Gallo RC, Bolognesi D, Barry DW,
Broder S : 3’-Azido-3’-deoxythymidine (BW A509U) :
an antiviral agent that inhibits the infectivity and
cytopathic effect of human T-lymphotropic virus type
III/lymphadenopathy-associated virus in vitro. Proc
Natl Acad Sci U S A 82 : 7096-7100, 1985.
Alexander CS, Dong W, Chan K, Jahnke N, O’Shaughnessy
MYV, Mo T, Piaseczny MA, Montaner JS, Harrigan PR :
HIV protease and reverse transcriptase variation and
therapy outcome in antiretroviral-naive individuals from
a large North American cohort. Aids 15 : 601-607, 2001.
Alexander CS, Dong W, Schechter MT, O’Shaughnessy
MV, Strathdee SA, Mo T, Montaner JS, Harrigan PR :
Prevalence of primary HIV drug resistance among
seroconverters during an explosive outbreak of HIV in-
fection among injecting drug users. Aids 13 : 981-985,
1999.
Little SJ, Holte S, Routy JP, Daar ES, Markowitz M,
Collier AC, Koup RA, Mellors JW, Connick E, Conway
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Richman DD : Antiretroviral-drug resistance among pa-
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385-394, 2002.
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sion of HIV Drug Resistance : Analysis of prevalence of
HIV-1 drug reistance in primary infections in the United
Kingdom. BMJ 322 : 1087-1088, 2001.
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2635-2643, 2003.
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HIV Diversity over Time in Chronic Infection
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No discemable change in tree over nearly 2 years.

A small change can be detected by statistical analysis
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S7-# “The HIV-Host Interaction : New Insights from
New Tools.”

John M. Coffin!, Frank Maldarelli', Sarah Palmer!, Valerie

Boltz!, Mary Kearney', Ann Weigand', and John W. Mellors?

' HIV Drug Resistance Program, NCI-Frederick,

? Division of Infectious Disease, University of Pittsburgh.

To obtain more detailed information about the dynamics
and evolution of HIV in infected individuals, we have devel-
oped 3 assays to detect and quantitate virus and analyze its

genetic makeup ([X]6). The first of these, the single copy
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assay (SCA) allows us to detect and accurately quantitate 1
copy of HIV RNA. In routine use, we can measure as little as
0.3 copies of HIV RNA (or 0.15 virions) per ml of patient
plasma. The second assay is use of allele-specific PCR (ASP)
to detect specific point mutations such as K103N in HIV RT,
which confers resistance to NNRTIs. Using ASP, we can
detect and quantitate mutations at this codon (AAA to AAT
or AAC) comprising less than 0.1% of the total virus popula-
tion. The third assay is single-genome sequencing (SGS), in
which multiple single cDNA molecules derived from reverse
transcription of plasma virus are amplified over a region
extending from the p6 region of gag through most of RT, and
sequenced in bulk. This approach allows us to obtain a
snapshot of the genetic diversity within the virus population in
a single patient at any point in time, with minimal assay based
error, and essentially no artifacts due to resampling or assay-
based recombination. We have used these assays to study the
virus in both naive and drug-treated patients, with the follow-
ing results.

1. Inalarge set of patients with levels of plasma virus that
are “undetectable” by standard assays, we find that about 2/
3 of them have viremia in the range of 1-20 copies of RNA
per ml, with an average around 5 copies/ml. These levels are

stable over periods of a year or more (] 7), and are likely to

E)HERY T4 TBORTHTFLA TS

be the source of rebound viremia observed in all patients
following interruption of therapy. We do not yet know
whether this virus is the result of ongoing low-level replication
or is derived from cells infected before initiation of therapy,
although preliminary results are consistent with the latter
possibility.

2. In individuals who have been infected for long periods
of time and remained untreated, the virus has diversified to
about 1-2% in the gag-pol region, as determined by SGS (X
8). This diversity is remarkably stable so that samples taken
years apart can not be distinguished by phylogenetic analysis.
Similarly, virus populations retain their diversity through a
100-fold decline in viremia following initiation of therapy.
Samples taken soon after infection, by contrast, are usually
almost perfectly monomorphic, exhibiting levels of diversity
indistinguishable from background up to 70 days after infec-
tion. Thus, we can conclude that infection is usually effective-
ly clonal, and the virus population is large and subject to
strong purifying selection leading to gradual diversification up
to a point where the population is both highly diverse and
stably so, although later populations gradually become distin-
guishable from earlier ones (by subtle statistical tests), there
are no significant hottlenccks or episodes of obvious selective

sweeps over long periods of time.
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Viremia Persists after Suppression by Antiretroviral Therapy
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3. Both theory and experience imply that the virus in
individuals who have been infected with HIV for more than a
short time should have a low level of preexisting drug resist-
ance mutations. We have therefore used allele-specific PCR
to analyze levels of K103N in infected, untreated individuals.
The background in the assay was about 0.02%, and the large
majority of patient samples gave results were very close to this
value, implying that the assay is not yet sufficiently sensitive to
detect the true values in most patients. A few patients had
values significantly larger than background, however, suggest-
ing the possibility of stochastic fluctuations in frequency —
such fluctuations — although rare — could have significant
implications for the success of subsequent therapy.

4. In individuals who have failed complex combinations
of therapy, including the NNRTI efavirenz (EFV), the K103
N resistance mutation shows a wide variety of behaviors,
including persistence at a level of nearly 100% for 5 years
after the end of EFV treatment ; rapid reduction to about
10% of the virus population and persistence at that level, and
a complete switch in the relevant codon in the virus from
AAC to AAT and back again (X 9). Persistence is not due
to linkage to other resistance mutations, but the codon switch-

ing is the result of linkage to the M 184V mutation selected by

treatment with 3TC during part of the EFV therapy.

5. In patients who have failed combination antiretroviral
therapy, it is standard to test for potentially active drugs by
bulk sequence analysis of RT-PCR products derived from
plasma virus. To test the ability of standard analysis to detect
important resistance mutations, we compared bulk sequences
with those of SGS products from plasma virus obtained from
highly drug-experienced patients. SGS revealed the presence
of resistance mutations that were not detected by standard
bulk genotype analysis in 3-20% of genomes analyzed. In
some cases, furthermore, the undetected mutations are linked
on the same genomes. Since even minor populations of re-
sistant virus are likely to cause rapid failure, bulk sequencing
approaches, while useful for predicting resistance to specific
drugs, are unlikely to be reliable in predicting sensitivity to
them.

Conclusions. The tests we have developed are bringing
new insights to the analysis of HIV in infected patients. We
have uncovered a new therapeutic steady state viremia in most
or all patients that explains our inability to cure the infection.
We have found that the genetically highly diverse population
of HIV in long-term infected patients is very stable in its

diversity. We have learned that standard sequencing ap-
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proaches miss a large fraction of resistance mutations in long after treatment has ceased. We expect further studies of
highly experienced patients, and we have uncovered a puz- these phenomena to be equally rewarding in their ability to
zling diversity of patterns of loss of drug resistant mutations uncover new aspects of the host-virus relationship.
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Both Regulatory T Cells and Antitumor Effector T Cells Are
Primed in the Same Draining Lymph Nodes during
Tumor Progression’

Toru Hiura,>* Hiroshi Kagamu,>** Satoru Miura,* Akira Ishida,* Hiroshi Tanaka,*
Junta Tanaka,* Fumitake Gejyo,* and Hirohisa Yoshizawa®

The peripheral tolerance mechanism prevents effective antitumor immunity, even though tumor cells possess recognizable tumor-
associated Ags. Recently, it has been elucidated that regulatory T cells (Treg) play a critical role in maintaining not only self-
tolerance, but also tolerance of tumor cells. However, because the Treg that maintain self-tolerance arise naturally in the thymus
and are thought to be anergic in peripheral, it is still unclear where and when Treg for tumor cells are generated. In this study
we analyze tumor-draining lymph nodes (LNs) and demonstrate that both antitumor effector T cells and Treg capable of abro-
gating the antitumor reactivity of the effector T cells are primed in the same LNs during tumor progression. The regulatory
activity generated in tumor-draining LNs exclusively belonged to the CD4™ T cell subpopulation that expresses both CD25 and
a high level of CDG62L. Forkhead/winged helix transcription factor gene expression was detected only in the
CD62LMeECD4YCD25™ T cells. CDE2LME"CD4TCD25" Treg and CD62L'"CD4*CD25™ T cells, which possess effector T cell
functions, had comparable expression of LFA-1, VLA-4, CTLA-4, lymphocyte activation gene-3, and glucecorticoid-induced
TNFR. Thus, only CD62L expression could distinguish regulatory CD4*CD25™ cells from effector CD4*CD25™ cells in draining
LNs as a surface marker. The Treg generated in tumor-draining LNs possess the same functional properties as the Treg that arise
naturaily in the thymus but recognize tumor-associated Ag. CDG2LME'CD4+YCD25" Treg contained a subpopulation that ex-
pressed CD86. Blocking experiments revealed that ligation of CTLA-4 on effector T cells by CD86 on Treg plays a pivotal role in

regulating CD4" effector T cells. The Journal of Immunology, 2005, 175: 5058-5066.

he purpose of the immune system is to discriminate and
eliminate invading nonself. To do this, it possesses not
only an effector system to eliminate nonself, but also a
regulatory system that abrogates the attack of effector cells against
self-somatic cells. Thus, the balance between immunity and toler-
ance determines the outcome of an immune reaction. Although
tumor cells have Ags altered by mutation, a lack of danger signals
and antigenic similarity to self-somatic cells, from which tumor
cells are derived, engage the peripheral tolerance mechanism (1,
2). This tolerance makes it difficult to obtain effective antitumor
immunity.
Recent studies revealed CD4* T cells that constitutively express
CD25 to play a critical role in maintaining peripheral tolerance
during infection, transplantation, autoimmunity, and tumor immu-
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nity (2-7). CD4*CD25* regulatory T cells (Treg)* that arise nat-
urally in the thymus to maintain self-tolerance are considered an-
ergic in peripheral (8). However, it has been demonstrated that
Treg proliferate in peripheral tissues in response to antigenic stim-
ulation and can be converted from naive CD4™ T cells (9, 10).
Thus, it is still unclear where and when Treg are generated for
tumor cells. )

APCs that acquire Ags migrate into secondary lymphoid organs,
where the Ag information is converted to adaptive immune re-
sponses. Although CD4*CD25™ is the best surrogate marker, it is
difficult to distinguish Treg based on CD25 expression, especially
in lymph nodes (LNs) where T cell priming is going on, because
the expression of CD25 is also up-regulated on effector T cells
upon TCR engagement before clonal expansion. This problem
makes it impossible to analyze how regulatory T cells are primed
in LNs. We reported that effector T cells, which are capable of
mediating antitumor reactivity, are primed in LNs draining grow-
ing tumors and that these T cells exclusively belong to the
CD62L'°% subpopulation (11). Additional CD40 stimulation as
help signals for APC resulted in increased numbers of CD62L""Y
T cells in draining LNs (12, 13). CD62L"&" T cells have been
considered naive cells that have never been encountered by cog-
nate Ag. However, our findings suggested that CD62L"2" tumor-
draining LN T cells contained a regulatory subpopulation, because
the elimination of CD62LM&" cells promotes the generation of
highly potent antitumor T cells upon stimulation with CD3 (14).

+ Abbreviations used in this paper: Treg, regulatory T cell; CM, complete medium;
DC, dendritic cell; Foxp3, forkhead/winged helix transcription factor gene; GITR,
glucocorticoid-induced TNFR; LAG3, lymphocyte activation gene-3; LN, lymph
node; m, murine.
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Recent studies have demonstrated that CD62L."8" CD4+*CD25" T
cells possess superior suppressive activity (15-18).

In this study we demonstrate that the expression of CD62L dis-
tinguishes regulatory CD4"CD25™" cells from effector CD4*CD25™
T cells and that both antitumor effector T cells and regulatory T
cells, which are capable of abrogating the therapeutic efficacy of
the antitamor effector T cells in vivo, are primed in the same tu-
mor-draining LNs with different kinetics. CTLA-4 ligation by
CD86 exclusively expressed on regulatory CD62L"&"CD4™*
CD25* LN T cells plays a pivotal role in regulating effector CD4*
T cell functions via direct T-T interaction.

Materials and Methods
Mice

Female C57BL/6J (B6) mice were purchased from CLEA Laboratory.
They were maintained in a specific pathogen-free environment and used for
experiments at the age of 8—10 wk. All animal experiments were conducted
with the permission of the Niigata University ethics committee for animal
experiments.

Tumors

MCA 205 is a fibrosarcoma of B6 origin induced by i.m. injection of
3-methylcholanthrene (19). Single-cell suspensions were prepared from
solid tumors by enzymatic digestion as described previously (20). An MCA
205 tumor cell line was established and maintained in vitro.

mAbs and flow cytometry

Hybridomas producing mAbs against murine CD4 (GK1.5, L3T4), CD8
(2.43, Lyt-2), CD3 (2C11), and murine CD62L. (MEL14) were obtained
from American Type Culture Collection. Anti-CD4 mAb, anti-CD8 mAb,
and anti-CD62L mAb were produced as ascites fluid from sublethally ir-
radiated (500 cGy) DBA/2 mice. PE-conjugated anti-CD80 (16-10A), anti-
CD86 (GL1), anti-CD62L (MEL14), anti-CTLA-4 (UC10-4F10-11), anti-
lymphocyte activation gene-3 (anti-LAG3; CO9B7W), anti-CD8 (2.43), and
anti-CD25 (PC61) mAbs and FITC-conjugated anti-Thy1.2 (30-H12), and
anti-CD4 (GK1.5) mAbs were purchased from BD Pharmingen. PE-con-
jugated anti-glucocorticoid-induced TNFR (anti-GITR; 108619) mAb was
purchased from R&D Systems. Analyses of cell surface phenotypes were
conducted by direct immunofluorescent staining of 0.5-1 X 106 cells with
conjugated mAbs. In each sample, 10,000 cells were analyzed using a
FACScan flow microfluorometer (BD Biosciences). PE-conjugated sub-
class-matched Abs used as isotype controls were also purchased from BD
Pharmingen.

Fractionation of T cells

T cells in the LN cell suspension were concentrated by passing through
nylon wool columns (Wako Pure Chemical Industries). To yield highly
purified (>90%) cells with down-regulated CD62L expression
(CDG62LY™), LN T cells were further isolated by a panning technique using
T-25 flasks precoated with goat anti-rat Ig Ab (Jackson ImmunoResearch
Laboratories)/anti-CD62L mAb (MEL14) and sheep anti-rat-Ig Ab/anti-
CD62L mAb-coated Dynabeads M-450 (Dynal Biotech). T cells with high
CD62L expression (CD62L"e") were obtained as cells attached to flasks
coated with goat anti-rat Ig Ab/anti-CD62L mAb. In some experiments
cells were also separated into CD4" and CD8™ cells by depletion using
magnetic beads as described previously (14). For in vitro experiments,
highly purified CD4™ cells were obtained using anti-CD4 mAb-coated
Dynabeads and Detachabeads (Dynal Biotech) according to the manufac-
turer’s instructions, CD25™ cells were isolated using PE-conjugated anti-
CD25 mAb and anti-PE microbeads (Miltenyi Biotec) according to the
manufacturer’s directions. Cell purity was >90%.

Bone marrow-derived dendritic cells (DCs)

DCs were generated from bone marrow cells as described previously. In
brief, bone marrow cells obtained from femurs and tibias of naive mice
were placed in T-75 flasks for 2 h at 37°C in complete medium (CM)
containing 10 ng/ml rmGM-CSF (a gift from KIRIN). Nonadherent cells
were collected by aspirating the medium and were transferred into fresh
flasks. On day 6, nonadherent cells were harvested by gentle pipetting. CM
consists of RPMI 1640 medium supplemented with 10% heat-inactivated
LPS-qualified FCS, 0.1 mM nonessential amino acids, 1 uM sodium pyru-
vate, 100 U/ml penicillin, 100 ug/ml streptomycin sulfate (all from In-
vitrogen Life Technologies), and 5 X 107> M 2-ME (Sigma-Aldrich).
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Tumor-draining LN cells

B6 mice were inoculated s.c. with 2 X 10° MCA 205 tumor cells in both
flanks. Inguinal LN draining tumors were harvested. Single-cell suspen-
sions were prepared mechanically as described previously (20).

Adoptive immunotherapy

B6 mice were injected s.c. with 1.5 X 105 MCA 205 tumor cells in 100 ul
of HBSS to establish s.c. tumors. Three days after inoculation, mice were
sublethally irradiated (500 c¢Gy) and then infused i.v. with T cells isolated
from tumor-draining LNs. Perpendicular diameters of s.c. tumors were
measured with calipers. The significance of differences in the diameters
between groups was analyzed by Student ¢ test. A value of p < 0.05 was
considered significant.

Cytokine ELISA

T cells were stimulated with immobilized anti-CD3 mAb or tumor Ag-
pulsed bone marrow-derived DCs in CM. Supernatants were harvested and
assayed for mouse IFN-y content by a quantitative sandwich enzyme im-
munoassay using a mouse IFN-y ELISA kit (Genzyme) according to the
manufacturer’s instructions.

RT-PCR

Total RNA was isolated from T cells using Isogen (Nippon Gene) and used
for cDNA synthesis. The cDNAs were used as templates for PCR (94°C for
2 min, 58°C for 30 s, and 72°C for 1.5 min), and 35 cycles were performed
using primers specific for forkhead/winged helix transcription factor gene
(foxp3; forward, 5'-GGCCCTTCTCCAGGACAGA-3'; 5'-GCTGATCAT
GGCTGGGTTGT-3'). To ensure the quality of the product, RT-PCR was
also performed using primers specific for 3,-microglobulin.

Proliferation assay

T cells isolated from tumor-draining LNs were stimulated with immobi-
lized anti-CD3 mAb for 48 h in 2 ml of CM on 24-well plates at 2 X
10%ml. CD62L°™ T cells were labeled with 5 uM CFSE (Molecular
Probes) in HBSS at 37°C for 15 min and washed twice before CD3 stim-
ulation. The ratio of CD62L'°" T cells to CD62L"e" CD4*CD25* T cells
was 2:1. After a 48-h stimulation, cells were counted and washed twice
with HBSS. Then, T cells were cultured in CM supplemented with 10 U/ml
human 11L-2 (gift from Shionogi) at 1 X 10°/ml. Three wells were ana-
lyzed for each condition.

Results

CDG2L8" T cells derived from tumor-draining LNs, but not
from naive spleens, abrogated antitumor reactivity of CD62L""
LN T cells

It was believed that CD62LMe" T cells are naive T cells; however,
we reported that the elimination of CD62L"&" T cells promotes the
generation of highly potent antitumor CD4 " T cells upon stimu-
lation with CD3. To determine CD62L"&" LN T cells possess ac-
tivity to abolish the antitumor reactivity of effector T cells primed
in tumor-draining LNs, mice with established s.c. tumors were
infused with 2 X 10° CD62L'™ LN T cells in the presence or the
absence of 10 X 10° CD62L"2" T cells. T cells were isolated from
LNs draining growing MCA 205 tumors for 12 days or from
spleens of naive mice. The ratio of CD62L'™ to CD62LMe" T cells
was approximately the same as that in LNs, because 15-25% of all
T cells were CD62L'Y in 12-day tumor-draining LNs. As shown
in Fig. 1b, 2 X 10° CDG2LY¥ T cells alone successfully mediated
the antitumor efficacy to regress s.c. tumor growth. In contrast, the
s.c. tumor growth curve of the mice infused with 2 X 10°
CD62L™™ T cells in the presence of 10 X 10° CD62L"8" T cells
derived from tumor-draining LNs was identical with that of the no
treatment group. CD62L™E" T cells derived from naive spleno-
cytes did not affect the antitumor reactivity of CD62L®™ tumor-
draining LN T cells. Thus, CD62L"&" T cells of tumor-draining
LNs contain a subpopulation that is capable of abrogating the an-
titumor reactivity of effector T cells primed in the same
tumor-draining LNs.
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FIGURE 1. g, CD62L and CD25 expression of CD4* T cells in 12-day tumor-draining LNs. LN cells were stained with FITC-conjugated anti-CD4
mAb, PE-conjugated anti-CD62L mAb, and PerCP-conjugated anti-CD25 mAb. Gated CD4™" cells were analyzed with a microfluorometer. b—-d, Subcu-
taneous tumor growth of mice infused with CD62L'*™ T cells in the presence or the absence of CD62L."8" T cells. Two million MCA 205 tumor cells were
injected s.c. along the midline of the abdomen to establish s.c. tumors. Three days later, mice were adoptively infused i.v. with 2 X 10% CD62L'" T cells
alone or with 10 X 10° CD62L"&" T cells after sublethal whole body irradiation (500 cGy; b). CD62L1°¥ T cells were isolated from LNs draining growing
MCA 205 s.c. tumors for 12 days. CD62L"&" T cells were isolated from tumor-draining LNs or naive splenocytes. ¢ and d, CD62L"M8" T cells were further
fractionated according to CD4, CD8, and CD25 expression using magnetic beads. One million fractionated CD62L"2" T cells were infused into mice
bearing established 3-day s.c. tumors with 2 X 10° (¢) or 4 X 10° (d) CD62L"" LN T cells. Diameters of s.c. tumors were measured twice weekly with
calipers, and size was recorded as the average of two perpendicular diameters. Statistical analyses were performed with Student’s ¢ test. *, p < 0.01

compared with the no treatment group. Each group contained five mice.

CD4*CD25"% subpopulation of CD62LM" tumor-draining LN
T cells mediated regulatory functions

Because CD4"CD25™ is the best surrogate marker for regulatory
T cells identified to date, CD4*CD25%, CD4TCD25, or CD8"
CD62LME T cells isolated from tumor-draining LNs were infused
with CD62L' LN T cells into mice bearing established s.c. tu-
mors to determine which subpopulation of CD62L™" T cells me-
diates regulatory functions. In Fig. lc, the antitumor efficacy of
2 X 10° CD62L'* T cells was not enough to cure the s.c. tumor,
which, after starting to regress, eventually grew in the mice. Nei-
ther CD62LM8"CD4 " CD25~ nor CD62L™E"CD&™ T cells showed
any additive antitumor or regulatory activity. The s.c. tumor
growth curves showed no significant differences from the curve for
the mice who received CDG62L'™ T cells alone. In contrast,
CDG62LMEMCDA*CD25" T cells abolished the antitumor efficacy

of effector T cells, resulting in a growth curve identical with
that of the no treatment group. Thus, the CD4"CD25™ subpopu-
lation of CD62L™#" LN T cells is probably made up of Treg cells,
whereas CD62L"#"CD4*CD25~ and CD8™ cells are functionally
irrelevant naive T cells. Moreover, Fig. 1d shows that 1 X 10°¢
CD62L e CD4*CD25™ tumor-draining LN T cells were capable
of abrogating the antitumor reactivity of 4 X 10° CD62L'*" LN T
cells, which was sufficient to cure established 3-day s.c. tumors. In
contrast, the same number of CD62LME"CD4+CD25™ T cells de-
rived from naive spleens, which are considered resident Treg (21),
did not influence the therapeutic efficacy of antitumor effector T
cells in vivo.

In 12-day MCA 205 s.c. tumor-draining LNs, ~20% of T cells
are CD62L'°%, and 5-7% are CD62L"#"CD4*CD25" (Fig. la).
The ratio of CD62L'°Y to CD62L™&" CD4+*CD25* T cells is
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3-4:1. Thus, it seems that Treg cells sufficient to abolish the an-
titumor reactivity of primed effector T celis are generated in tumor-
bearing hosts.

CD62L"*"CD4* CD25" inhibited IFN-y production by either
CD4* or CD8Y CD62L"" T cells via direct T-T interaction

To test whether CD62L"E"CD47CD25" T cells generated in tu-
mor-draining LNs influence cytokine production, we measured the
amount of IFN-y produced by | X 10° CD62L"™ T cells in the
presence or the absence of 5 X 10* CD62L"&"CD4*CD25* T
cells in 200 wl of CM on 96-well plates. As shown in Fig. 2aq,
CD62LMe'CD4 ' CD25™ T cells in tumor-draining LNs abolished
the Ag-specific production of IFN-vy by tumor-draining LN effector
T cells stimulated with 5 X 10* tumor Ag-loaded DCs. As shown
in Fig. 2b, CDG2LME"CD4*CD25" T cells derived from naive
splenocytes did not affect the production of IFN-vy stimulated by
tumor-associated Ag, although they inhibited IFN-y production in
the presence of nonspecific stimulation with immobilized anti-
CD3 mAb (data not shown).

Next, we examined whether this suppression of cytokine pro-
duction can be reproduced without APC and tested whether it is
cell-cell contact dependent, because the Treg naturally arise in the
thymus to maintain self-tolerance. One million CD62L'"Y LN T
cells on the bottom of 24-well plates were cocultured with 0.5 X
10° CD62L"E"CD4*CD25% T cells on either 0.4-um pore size
Transwell inserts (Costar) or the bottom of plates in 0.5 ml of CM.
Both 24-well plates and Transwell inserts were coated with anti-
CD3 mAb. As shown in Fig. 2, ¢ and d, CD62L"&"CD4*CD25%
Treg cells abrogated IFN-y production by either CD8* or CD4*
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effector T cells in the absence of APC upon stimulation with CD3,
and the suppression was dependent on cell-cell contact.

CDG62LM$"CD4* CD25™ T cells abrogated proliferation of both
CD4" and CD8CD62L"" T cells

To elucidate whether CD62L"#"CD4*CD25" T cells generated in
tumor-draining LNs inhibit cell proliferation, a T cell proliferation
assay was performed as described in Materials and Methods.
CFSE-labeled CD62L'™ T cells stimulated with immobilized anti-
CD3 mAb increased the total number of cells by 7-fold during a
3-day culture period accompanied by a reduction in the intensity of
CFSE (Fig. 3, a and b). CD62L"e"CD4*CD25™ T cells did not
affect CD62L'"Y T cell proliferation, because the total number of
cells increased and the reduction in intensity of CFSE intensity
during the 3-day culture was identical with that of CD62L'Y T
cells alone. In contrast, CD62L'" T cells stimulated in the pres-
ence of CD62LME"CDA*CD25* T cells did not proliferate at all.
CFSE intensity did not change during the 3-day culture. Fig. 3¢
demonstrates the relative number of CD8" or CD4™ cells accord-
ing to phenotypic analysis. Thus, CD62L"&"CD4*CD25* T cells
generated in tumor-draining LNs have the ability to abrogate the
proliferation of both CD4" and CD8" T cells.

CDG62L'**CD4* CD25" LN T cells had effector, but not
regulatory, functions

To examine the properties of CD62L'°YCD4"CD25" T cells,
which comprise 20-30% of the CD62L'*™ T cell population in 12-
day tumor-draining LNs, we tested whether CD62L'°™ CD4*CD25 "
LN T cells affect IFN-y production by CD62L'*CD4*CD25~ T

a b.
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cells. CD62L™E"CD4"CD25% T cells completely inhibited the
production of IFN-y by CD62L'°*CD4"CD25~ T cells (Fig. 4),
whereas the addition of CD62L""CD4*CD25* T cells increased
production. Moreover, CD62L'°YCD4*CD25" T cells alone pro-
duced the same amount of IFN-y as CD62L'YCD4*CD25~ T
cells. In contrast, CD62L"E"CD4"CD25" T cells produced no
IFN-v. Thus, it is likely that CD62L'°¥CD4*CD25" cells possess
effector T cell function, but not regulatory activity.

Foxp3 mRNA expression was specific to
CDG62L"$"CD4*CD25™ T cells

It has been reported that mutation of Foxp3 is responsible for im-
mune dysregulation, polyendocrinopathy, enteropathy, and
X-linked inheritance, a syndrome of systemic autoimmunity in hu-
mans (22, 23). It is now believed that Foxp3 is a master switch of
regulatory functions (9, 24, 25). Thus, we tested whether fraction-
ated T cells derived from tumor-draining LNs express mRNA for
Foxp3. As depicted in Fig. 54, only CD62L"#"CD4*CD25" T
cells expressed foxp3 mRNA.

Functionally distinct CD62L"¢" and CD62L'" CD4* CD25" T
cells expressed comparable levels of GITR, CTLA-4, LAG3,
VLA-4, and LFA-1

Next, we analyzed the phenotype of fractionated T cells derived
from tumor-draining LNs. Because it was demonstrated that
CD4"CD25" Treg cells express GITR, CTLA-4, and LAG3 (26 -
29), we tested for these molecules and adhesion molecules that
were important for T cell migration. Although CD62L"#"CD4™*
CD25" regulatory LN T cells have an up-regulated expression of
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FIGURE 5. A, Foxp3 mRNA expression in isolated CD62L'°YCD4*CD25%, CDG2L°“CD47CD257, CD62LMeCD4YCD25%, or
CD62L"E"CD4*CD25™ T cells derived from LNs draining MCA 205 s.c. tumors for 12 days. Total RNA was isolated from T cells and analyzed by
RT-PCR for foxp3. B,-Microglobulin gene expression is shown to confirm that equal amounts of RNA were used in each RT-PCR. Results shown are
representative of three separate experiments. B, GITR, LAG3, CTLA-4, VLA-4, and LFA-1 expression on isolated T cells derived from MCA 205
tumor-draining LNs. Immediately after fractionation, T cells were double stained with PE-labeled anti-CD25 and FITC-conjugated anti-GITR, anti-LAG3,
anti-CTLA-4, anti-VLA-4, anti-LFA-1, or isotype control Ab. Either CD25" or CD25™ cells were gated for analyses. A total of 10° cells were analyzed
for each sample. Each frame consists of 10,000 cells. Dotted lines indicate the isotype control.

GITR, CTLA-4, and LAG3, it is difficult to distinguish
CD62L"8"CD4"CD25" T cells from CD62L1°¥CD4*CD25" T
cells, which possess effector T cell properties, from these mole-
cules (Fig. 5B). Furthermore, CD62L"8"CD4*CD25" Treg cells
and CD62L'"VCD4"CD25™" effector T cells had a comparable up-
regulated expression of VLA-4 and LFA-1. In contrast,
CD62L"#"CD4*CD25™ T cells possessed the naive cell pheno-
type, such as no VLA-4, GITR, or CTLA-4, and a low level of
LFA-1.

Different kinetics of CD62L"$"CD4™ CD25% and
CD62L*CD4™ T cell priming in LNs draining growing s.c.
tumors

To address the priming of CD62LME"CD4*CD25% and
CD62L"°"CD4™ T cells in LNs draining growing MCA 205 s.c.
tumors, we examined the number and phenotype of LN cells. Ki-
netic analysis revealed that the proportion of both CD62L'°%¥CD4 "
CD25™ and CD47CD25™ T cells started to increase 7 days after
s.c. tumor inoculation and peaked on the 11th day (Fig. 6). The
percentage of CD62L'°Y T cells rapidly decreased, reaching the
starting level by the 14th day. Although the proportion of
CD62L™E"CD4*CD25™ T cells started to increase 7 days after s.c.
tumor inoculation, like that of CD62L'"™ cells, it kept increasing
until the total number of LN cells started to decrease. The increase
in CD62L™E"CD4"CD25" T cells was not caused by a nonspe-
cific accumulation of CD62LME™ cells, because the proportion of
CDG62L"E"CD4 " CD25 ™ naive T cells decreased in tumor-draining

LNs. Hence, it is likely that CD62L"2"CD4*CD25" Treg cells
underwent clonal expansion in tumor-draining LNs during tumor
progression.
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FIGURE 6. Kinetics of cellularity and the ratio of the indicated T cell
subpopulations based on total T cells in LNs draining growing MCA
205 s.c. tumors. MCA 205 tumor cells (1.5 X 10°) were inoculated s.c. into
both flanks of mice. Inguinal LNs were harvested from three mice serially
0, 3,7, 11, 15, and 20 days after s.c. injection and analyzed.
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