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Targeting a single mismatched minor histocompatibility antigen with tumor-
restricted expression eradicates human solid tumors.

Lothar Hambach, MD', Marcel Vermeijz, Andreas Buser, MD', Zohara Aghail, Theo van der Kwast,
MD, PhD?, Els Goulmy, PhD'
'Department of Immunohematology and Blood Transfusion, Leiden University Medical Center,

*Department of Pathology, Erasmus Medical Center, Rotterdam

Regressions of metastatic solid tumors after allogeneic human leukocyte antigen (HLA)-matched
stem-cell transplantation (SCT) are often associated with detrimental graft-versus-host-disease
(GvHD). The graft-versus-host reaction of the HLA-matched donor is mainly directed against the
multiple mismatched minor histocompatibility antigens (mHags) of the patient. mHags are strong
HLA-restricted allo-antigens with differential tissue distribution. Ubiquitously expressed mHags
are the prime in situ targets of GvHD. The mHag HA-1 is hematopoiesis-restricted, but displays
additionally an aberrant expression on solid tumors. Thus, HA-1 might be an excellent target to
boost the anti-solid tumor effect of allogeneic SCT without inducing severe GvHD. Here, we show
that cytotoxic T-lymphocytes (CTLs) solely targeting the human mHag HA-1 are capable of
eradicating three-dimensional human solid tumors in a highly mHag specific manner in vitro,
accompanied by interferon-gamma release. In vivo, HA-1 specific CTLs distribute systemically
and prevent human breast cancer metastases in immunodeficient mice. Moreover, HA-1 specific
CTLs infiltrate and inhibit the progression of fully established metastases. Our study provides the
first proof for the efficacy of a clinically applicable concept to exploit single mismatched mHags
with hematopoiesis- and solid tumor-restricted expression for boosting the anti-solid tumor effect
of allogeneic SCT.

INTRODUCTION

Allogeneic human leukocyte antigen (HLA)-matched stem cell transplantation (SCT) is an established
curative treatment for hematopoietic malignancies and an investigative immunotherapeutic approach for
solid tumors. Initial trials of allogeneic SCT for advanced breast and renal cell (RCC) cancer showed
encouraging results with regressions of widespread metastatic lesions. Some of these clinical responses

were durable for more than 4 years ¢

. Particularly in RCC, a disease hardly responding to
chemotherapy, tumor regressions after allogeneic SCT were attributed to an immune-mediated graft-
versus-tumor (GvT) effect. However, broad application of allogeneic SCT in solid tumor therapy
remained limited due to the risk of severe graft-versus-host disease (GvHD) mostly associated with the
GVT effects '°. The major challenge for further improvements of SC based allogeneic immunotherapy of
solid tumors is therefore boosting specifically the GvT effect but not the GvHD immune reactivity.

The precise effector mechanisms of the GvT effect after HLA-matched allogeneic SCT are still
unknown. The close association of clinical responses with GVHD suggests that the GvT effect is largely
mediated by alloreactive T-cells recognizing minor histocompatibility antigens (mHags) expressed on
normal and malignant cells ’. mHags are highly immunogenic polymorphic peptides presented in the
context of HLA-molecules. Despite HLA-matching of donor and patient, mHag incompatibilities remain
and result in strong donor T-cell responses against mHag alleles absent in the SC donor but present in the

patient ®. Due to the “allo-ness” of mHags, mHag specific immune responses are not blunted by self-
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tolerance '. Thereby, allogeneic SCT overcomes a major limitation of the commonly used cancer
immunotherapies targeting autologous “tumor-associated antigens” (TAAs), where breaking self-

’_ The key observation indicating that GvT effects can be

tolerance remains an unsolved problem
separated from GvHD in man was the finding that mHags display a differential tissue distribution.
mHags are derived from genes that are either ubiquitously expressed or have a tissue-restricted
expression '°. We showed earlier, that the ubiquitously expressed mHags are the prime in situ targets of
GvHD "'. Some hematopoiesis-restricted mHags are aberrantly expressed on solid tumor cells (so called
“tumor mHags”). The hematopoiesis-restricted mHag HA-1 is expressed on a broad spectrum of primary
solid tumors, but not on normal non-hematopoietic tissue '>'*. Moreover, HA-1 specific cytotoxic T-
lymphocytes (HA-1 CTLs) functionally recognize HA-1 on solid tumor cell lines in vitro . Another
known tumor mHag with HA-1 like characteristics is BCL2A1 '*. After HLA-matched allogeneic SCT,
the patient’s hematopoietic system is gradually replaced by the donor hematopoiesis, which is negative
for the patient’s hematopoiesis- and solid tumor restricted tumor mHags. Thus, solid tumor cells remain
the only relevant patient’s tumor mHag" cells in the body, allowing highly selective targeting of cancer
with tumor mHag CTLs.

Consequently, we suggested selective enhancement of the donor T-cell response against a single
mismatched tumor mHag (such as HA-1) to boost the GvT effect with low risk of GYHD . The goal of
our study was to answer two core questions of our allo-immunotherapeutic concept. Firstly, are CTLs
directed at a single tumor mHag capable of eradicating human three-dimensional (3D) human tumors in
a mHag specific manner? Secondly, are CTLs solely targeting a single tumor mHag effective against
human solid tumors in vivo? To answer these questions, we performed a detailed analysis of the efficacy
of human HA-1 CTLs against human microtumors and explanted macroscopic tumors in vitro and
against human macroscopic tumors and cancer metastases in translational animal models in vivo. We
provide the first proof for the efficacy of the concept to eliminate cancer metastases by solely targeting

mismatched tumor mHags.
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MATERIALS AND METHODS

Human cancer cell lines

The cancer cell lines MCF-7 and MDA-MB-231 (American Type Culture Collection, Rockville, USA),
518A2 (kindly provided by Dr. P. Schrier, Leiden University Medical Center, The Netherlands) and
BB65-RCC (kindly provided by Dr. B. Van den Eynde, Ludwig Institute for Cancer Research, Brussels,
Belgium) were genomically typed for the mHags HA-1 and H-Y by allele specific PCR " and analyzed
for HA-1 mRNA expression as described 2. Tumor cell lines were designated “HA-1", if positive for
the immunogenic HA-1" allele and for HA-1 mRNA.

Generation and culturing of HA-1 and H-Y specific CTLs

The HA-1 CTL clones 1.7 and 2.12 were generated from PBMCs of HLA-A2/HA-1*® healthy donors as
described '°. Approval was obtained from the Leiden University Medical Center review board and
informed consent was provided according to the Declaration of Helsinki. The HA-1 CTL clone 3HA15
and H-Y CTL clone 21-17 were isolated from patients after allogeneic SCT '*.

Determination of cytotoxicity and IFN-y release

Tumor cell killing by CTLs was tested in a standard 4-hr *'Cr release assay as described '°. IFN-y
concentrations were determined with the Pelikline ELISA kit (CLB, Amsterdam, The Netherlands).
Detection limit was 2 pg/mL.

Microtumor model

Microtumors in collagen matrix were generated according to a modified protocol '(L.H., E.G.,
manuscript in preparation). In brief, 6x10* tumor cells in 0.6 ul 3.65 mg/ml rat tail collagen type I (BD
Biosciences Europe, Erembodegem, Belgium) were embedded between two layers of 50 ul collagen
(base layer: 1.75 mg/ml, top layer: 1.31 mg/ml) and covered with 100 pul of 20% human serum (HS) in
IMDM (Invitrogen Life Technologies, Breda, The Netherlands). After 1 day, medium was replaced by
100 ul 20% HS in IMDM containing 240 IU/ml IL-2 (Chiron, Amsterdam, The Netherlands) and which
was supplemented with CTLs or not. Microtumor growth was photographically documented with an
inverted microscope (Axiovert 25, Zeiss, Jena, Germany). Two-dimensional microtumor area m*rl*r2
was calculated after determination of the 2 maximal orthogonal microtumor radii r1 and r2 (AxioVision
40 LE Version 4.5, Sliedrecht, The Netherlands). For histological analysis, microtumors in collagen type
I were fixed with 4% formalin for 24h at 4°C and embedded in paraffin as described in detail (manuscript
in preparation). H&E stainings were performed on 4 pm serial sections. Histological analysis was
performed by two independent pathologists.

Mouse models
Mice. 7-11 weeks old female NOD/scid mice (Charles River, France) were used. Experiments were
performed after approval of the ethical committee of the Leiden University Medical Center.

Model of s.c. macrotumors. Mice were s.c. inoculated with 5x10° MDA-MB 231 cells in 200 pL IMDM

with 1% FCS (Invitrogen Life Technologies). Human CTLs were quantified in peripheral blood samples

. . S 119
and in organ and bone marrow suspensions by flowcytometry as described .
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Model of pulmonary microtumors. Mice were inoculated i.v. in a lateral tail vein with 5x10° or 7.5x10°
MDA-MB 231 cells in 200 pL 1% FCS in IMDM and sacrificed on day 40 or day 50, respectively.
Lungs were inflated with 4% formalin via the trachea and fixed over night at 4°C. Tumor nodules on the
lung surface were quantified with a stereo dissecting microscope (Leica MZ 7.5, Rijswijk, The
Netherlands). 4 um serial sections were cut from paraffin-embedded right lung lobes. Intrapulmonal

microtumors were counted after staining with anti-human cytokeratin antibodies.

Adoptive CTL transfer protocol. Mice were treated by i.v. administration of 3x10” CTLs in 200 uL 1%
FCS in IMDM or with PBS as control as described 2. All mice received 2x10* IU IL-2 intraperitoneally
daily for 3 weeks.

Ex vivo tumor T cell infiltration assay

S.c. established tumors were explanted from untreated NOD/scid mice. 3 mm diameter punch biopsies
were sectioned horizontally at a height of 2-3 mm, placed on a transwell insert with 0.4 um pore size
(BD Biosciences, Franklin Lakes, USA) of a 24 well plate and demobilized with 100 pl rat tail collagen
type L. 600 ul 10% HS in IMDM with 120 TU IL-2 and 1x10° HA-1 CTLs were added to the insert and 1
ml 10% HS in IMDM with 120 U IL-2 were added to the well. Medium was replaced every day. On day
3 after addition of CTLs, tumors in collagen type I were fixed with 4% formalin and 24h later embedded
in paraffin.

Immunohistochemistry

Sections were stained with anti-human CDS8 antibody (clone 4B11, dilution 1/20, Novocastra, UK) or
pankeratin Ab-1 antibody (clone AE1/AE3, dilution 1/160, Labvision, Duiven, The Netherlands).
Detection was performed with DAKO Envision Peroxidase/DAB kit (Dako, Heverlee, The Netherlands).
Sections were counterstained with Mayer hematoxylin.

Statistical Analysis

Different groups of mice were pair-wise compared by a Mann-Whitney-U test using SPSS 14.0 (SPSS
Inc., Chicago, IL, USA). A p-value < 0.05 was considered statistically significant.
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RESULTS

HA-1 CTLs kill HA-1" solid tumor cells in vitro

In order to answer the question whether CTLs directed a single tumor mHag are capable to clear solid
tumors in a mHag specific manner, we selected a panel of solid tumor cell lines with differential
molecular expression of the tumor mHag HA-1 and the ubiquitously expressed mHag H-Y for the
subsequent experiments (Supplemental Table S1, Supplemental Figure S1A). HA-1 and H-Y served as
mutual controls for the mHag specificity of HA-1 or H-Y CTLs. Since recognition of the mHags HA-1
and H-Y by CTLs is HLA-A2 restricted, all selected tumor cell lines were HLA-A2". The expression
levels of HLA-A2 differed between the tumor cell lines, while the expression of cell adherence
molecules was comparable (Supplemental Figure S1B). MHag specific cytotoxicity of the previously
established HA-1 CTL clones 1.7, 2.12 and 3HA15 and the H-Y CTL clone 21-17 was tested in a
standard 4h *'Cr-release assay. The HA-1 CTL clones lysed only HA-1" target cells, including the RCC
cell line BB65-RCC and the breast cancer cell line MDA-MB-231 (Figure 1 A-C). The H-Y CTL clone
lysed only H-Y" target cells, including the RCC cell line BB65-RCC and the melanoma cell line 518A2
(Figure 1 A, B, E). The avidity of the different HA-1 CTLs clones for their target cells was comparable
(Supplemental Figure S2A). All HA-1 CTL clones used in this study displayed a marker profile
consistent with a terminally differentiated effector memory T-cell phenotype (CD3+, CD8+, CD45RA-,
CD62L-, CD27-, CD28-) (Supplemental Figure S2B).
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HA-1 CTLs eradicate human 3D microtumors in vitro

To assess to the efficacy and mHag specificity of particularly HA-1 CTLs against human microtumors in
vitro, we developed an in vitro model allowing real-time assessment of immunotherapeutic effects on
individual human 3D microtumors (L.H., E.G., manuscript in preparation). Tumor cell agglomerates
were embedded in a collagen scaffold resulting in progressively growing tumors. Microtumors showed a
multilayer morphology on day 3 (data not shown) and 7 (Figure 2E-H) mimicking clinical cancers of the
same entities as the tumors from which the tumor cell lines were derived (Supplemental Table S1), both
histopathologically (Figure 2A-D) and immunohistochemically (L.H., E.G., manuscript in preparation).

47



We applied these microtumors to investigate mHag CTL-mediated tumor clearance, CTL-tumor
infiltration and cytokine release within one model. Microtumors were generated on day 0 and medium
alone, HA-1 or H-Y CTLs were added on day 1. CTLs required 2-3 days to reach the microtumors as
determined by light microscopy. On day 7, all HLA-A2" microtumors were destroyed by the allo-HLA-
A2 CTL clone 1E2 (data not shown). All three HA-1 CTLs clones 1.7, 2.12 and 3HA15 eliminated at an
effector to target ratio of 15:1 the HA-1" microtumors BB65-RCC (Figure 2E) and MDA-MB 231
(Figure 2F), while leaving the HA-1" microtumors 518A2 (Figure 2G) and MCF-7 (Figure 2H) intact.
The H-Y CTL clone 21-17 destroyed only the H-Y" microtumors BB65-RCC (Figure 2E) and 518A2
(Figure 2G) without affecting growth of the H-Y™ microtumors MDA-MB 231 (Figure 2F) and MCF-7
(Figure 2H). Immunohistochemistry on day 3 revealed that all HA-1 and H-Y CTL clones infiltrate all

microtumors.
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Figure 2. HA-1 CTLs eradicate 3D microtumors mimicking primary tumors. (A-D, E-H medium controls) H&E
stainings reveal that microtumors (E-H medium controls) closely resemble the histologies of the corresponding primary
tumors (A-D). BB65-RCC microtumors (E) show clear cells similar to a primary intermediately differentiated renal cell
carcinoma (A). MDA-MB 231 microtumors (F) contain spindle formed cells without orientation similar to a primary spindle
cell carcinoma of the breast (B). 518A2 microtumors (G) show sheets of cells similar to a primary melanoma (C). MCF-7
microtumors (H) show acinus like structures similar to a primary intraductal carcinoma (D). (E-H) HA-1 and H-Y CTLs
destroy microtumors in a strictly mHag specific manner, resulting in strongly reduced cellularity and cell debris. Bar: upper 2
rows 100 wm, lower 2 rows 50 um.

However, the extent of microtumor infiltration by mHag CTLs was dependent of the expression of the
relevant mHag by the microtumors (Figure 3A-B, Supplemental Figure S3). Longitudinal assessment of
the tumor size on day 3 and 7 revealed that all mHag CTL clones inhibited tumor growth in a mHag

specific and CTL dose-dependent manner (Figure 3C). Prolongation of the observation period from 7 to
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14 days in the mHag specifically treated groups showed no progression of microtumors (Supplemental
Figure S4A). Anti-tumor effects of HA-1 and H-Y CTLs were associated with mHag specific release of
interferon-y (IFN-y), which was maximal on day 3 and subsequently declined (Figure 3D). These results
demonstrate that HA-1 CTLs can eradicate human solid tumors in a highly mHag specific manner and
that H-Y CTLs are equally effective.
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Figure 3. HA-1 CTLs infiltrate 3D microtumors, inhibit tumor growth and release IFN-y. (A,B) CD8 staining of MDA-MB
231 (A) and MCF-7 (B) microtumors after 3 days of co-incubation with HA-1 or H-Y CTLs. Arrowheads indicate CD8+ CTLs;
bar, 50 um. (C) Microtumor growth inhibition after addition of the anti-HA-1, H-Y or HLA-A2 CTLs. x-axis, CTL clones each
in 3 different effector—target ratios (15:1, 5:1, 1:1) or medium; y-axis, ratio between the microtumor areas in photographs of day
7 and day 3. Bars correspond to mean +/- S.E.M. (data are pooled from 3 independent experiments resulting in median 3 (range
2-8) microtumors per condition). (D) IFN-y in the supernatant of microtumors after addition of anti- HA-1, H-Y CTL and HLA-
A2 CTLs in an effector to target ratio of 15:1. x-axis, day 3, 5 and 7 after addition of different CTL clones; y-axis, IFN-y in the
supernatant. Bars correspond to mean +/- S.E.M. (4 measurements per sample). Star indicates off-scale measurement.

In vivo distribution of HA-1 CTLs

Due to their restricted tissue expression, only tumor mHags (such as HA-1) are suitable as targets for
mHag specific immunotherapy of solid tumors after allogeneic SCT. In order to investigate whether
CTLs directed at a single tumor mHag HA-1 are capable to eradicate solid tumors in vivo, we designed
translational animal models. In these models, human solid tumors were engrafted in immunodeficient
non-obese diabetic/severe combined immunodeficiency (NOD/scid) mice and subsequently treated with
human mHag CTLs. Based on its aggressive localized and metastatic growth >', we selected the HA-
1"/H-Y" breast cancer cell line MDA-MB 231 as tumor target in our in vivo experiments. Subcutaneous
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(s.c.) macrotumors were established in NOD/scid mice by s.c. injection of 5x10° MDA-MB 231 cells
which induced progressively growing tumors of 8-10 mm diameter on day 30 in all mice (data not
shown). Aiming at treatment of human s.c. macrotumors in NOD/scid mice, we determined survival, in
vivo distribution and tumor infiltration of HA-1 CTLs. We selected for comparative adoptive CTL
transfer experiments the best expandable HA-1 CTL clone 1.7 used in this study (data not shown). Mice
with a tumor diameter of 6-8 mm received 30x10° HA-1 CTLs intravenously (i.v.). Tracking of
adoptively transferred HA-1 CTLs on day 1, 3, 7, 14 and 21 after CTL administration showed systemic
distribution of human CTLs into lung, liver, spleen, bone marrow and peripheral blood (% infiltrations of
the analyzed organs by HA-1 CTLs are depicted in Figure 4A; absolute numbers of HA-1 CTLs in the
analyzed organs are depicted in Supplemental Figure S5). On day 1 after CTL transfer, CTL infiltration
was highest in the lungs, while all other organs showed infiltration at lower and comparable levels. HA-1
CTLs redistributed from the lungs on day 1 to the bone marrow on day 3 (Supplemental Figure S5). HA-
1 CTL infiltration of the various organs persisted for up to 14 days after CTL administration, most
pronounced in the bone marrow. No HA-1 CTLs were found in the peripheral blood beyond day 3. At
none of the time-points analyzed, substantial levels of HA-1 CTLs were detected in s.c. macrotumors
(Figure 4A and Supplemental Figure S5). Thus, we did not continue to perform experiments determining
the in vivo efficacy of HA-1 CTLs against s.c. macrotumors.

2 3 Figure 4. In vivo distribution of HA-1 CTLs and
ex vivo analysis of s.c. macrotumors. (A)
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HA-1 CTLs hardly infiltrate HA-1" human s.c. macrotumors ex vivo

The absence of HA-1 CTLs in macrotumors led us to question HA-1 expression in s.c. macrotumors in
vivo. Single cell suspensions of MDA-MB 231 macrotumors freshly explanted from untreated mice (i.e.
without previous HA-1 CTL infusion) were, however, positive for HA-1 mRNA (Figure 4B) and were
recognized by allo-HLA-A2 and HA-1 CTLs in a 4h *'Cr-release assay (Figure 4C). Moreover, growth of
microtumors generated from explanted tumor cells was equally well inhibited by HA-1 CTLs as
microtumors generated from MDA-MB 231 cells without in vivo passage (Supplemental Figure S4B).
Thus, MDA-MB 231 tumor cells maintain functional HLA-A2/HA-1 expression upon in vivo growth.
Next, we determined whether absence of tumor infiltration by CTLs was related to the characteristic of
one individual HA-1 CTL clone. Thus, we embedded 3 mm punch biopsies of MDA-MB 231
macrotumors explanted from untreated mice in collagen type I matrix and co-incubated these biopsies
with 1x10° cells of the HA-1 CTL clones 1.7, 2.12 and 3HA15. CDS staining on parallel sections on day
3 showed abundant presence of all HA-1 CTL clones in the collagen matrix and on the tumor border, but
only very few HA-1 CTLs within the tumor (Figure 4D-F). Thus, HA-1 CTLs hardly infiltrate human
s.c. macrotumors, despite in vivo maintenance of HA-1 expression.

HA-1 CTLs prevent and inhibit the progression of human lung metastases in vivo

Subsequently, we investigated whether the direct HA-1 CTL - human tumor cell in vivo interaction is
effective in preventing pulmonary metastasis. L.v. injection of HA-1"/H-Y” MDA-MB 231 tumor cells in
the lateral tail vein on day O resulted in median 37 (range 4-80) and 159 (range 111-399) pleural tumor
nodules on the intact lungs after 40 and 50 days (representative examples depicted in Figure 5A),
respectively. Cytokeratin staining on parallel sections revealed microtumors in the pulmonary
interstitium of which some were subpleurally localized (Figure 5B). Quantification of the microtumors
revealed median 13 (range 2.3-40.1) and 25 (range 19.2-48.1) microtumors per section after 40 and 50
days, respectively. No metastases in other organs (liver, spleen, bone marrow, kidneys) were found (data
not shown). Three days after i.v. inoculation of MDA-MB 231 tumor cells, when disseminated tumor
cells were already detectable (Figure 5E), a single dose of 30x10° HA-1 CTLs, H-Y CTLs or PBS as
control were administered i.v. HA-1 CTLs and H-Y CTLs showed comparable kinetics in the peripheral
blood and were undetectable after 3 days upon CTL administration (Supplemental Figure S6). Mice
having received the control H-Y CTLs or PBS showed on day 40 and 50 no significant difference in the
number of pleural tumor nodules (p=0.468, p=0.754) or intrapulmonal microtumors (p=0.386, p=0.602),
which excluded unspecific effects due to the procedure of CTL infusion (Figure 5C-D). In contrast, mice
injected with the HA-1 CTL clone showed pleural tumor nodules in none of the mice on day 40
(difference in number of pleural tumor nodules compared to the PBS and H-Y CTL treated groups:
p=0.014 and p=0.014, respectively) or in only 1/6 mice on day 50 (p=0.004 and p=0.007, respectively)
(Figure 5C). Intrapulmonal microtumors after treatment with HA-1 CTLs were detectable in 3/4 mice on
day 40 (difference in number of intrapulmonal microtumors compared to the PBS and H-Y CTL treated
groups: p=0.021 and p=0.021, respectively) or in 2/6 mice on day 50 (p=0.005 and p=0.009,
respectively) (Figure 5D). Thus, HA-1 CTLs eradicate disseminated tumor cells and, thereby, prevent
human metastases in NOD/scid mice. Subsequently, we tested the anti-tumor efficacy of HA-1 CTLs
against fully established pulmonary metastases. NOD/scid mice engrafted with MDA-MB 231 tumor
cells i.v. were injected with a single dose of 30x10° HA-1 CTLs or H-Y CTLs or PBS as control i.v. on

day 40. On day 50, mice were sacrificed. Immunohistochemistry showed infiltration of pulmonary
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metastases by HA-1 CTLs (Figure 5F). Quantification of pulmonary tumors revealed no significant

difference in the number of pleural tumor nodules (p=0.522) or intrapulmonal microtumors (p=0.631) in
the control groups (PBS and H-Y CTLs). In contrast, mice injected with the HA-1 CTL clone showed
significantly less pleural (difference in number of tumor nodules compared to the PBS and H-Y CTL
treated groups: p=0.005 and p=0.004, respectively) (Figure 5C) and intrapulmonal tumor nodules
(p=0.005 and p=0.009, respectively) (Figure 5D). Thus, HA-1 CTLs inhibit the progression of fully

established human cancer metastases in NOD/scid mice.
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Figure 5. HA-1 CTLs prevent and
inhibit the progression of pulmonary
metastases. (A-F) NOD/scid mice
received human HA-17/H-Y" MDA-MB
231 breast cancer cells i.v. on day 0 and
were treated with PBS or 30x10° HA-1
or H-Y CTLs iv. (A,B) Depicted are
representative examples of lungs of
mice that had been treated with PBS
(left), the HA-1 CTL clone 1.7 (middle)
and the H-Y CTL clone 21-17 (right) on
day 3 and sacrificed on day 50. Larger
pleural tumor nodules are
macroscopically visible (A). Cytokeratin
staining shows microtumors in the
pulmonary interstitium of which some
were subpleurally localized; bar, 500
um (B). Arrowheads indicate tumors.
(C,D) Quantification of pulmonary
tumors of mice that had been treated on
day 3 and sacrificed on day 40 (left
graphs; 4 mice per group, 5x10° tumor
cells per mouse) or on day 50 (middle
graphs, 5-6 mice per group, 7.5x10°
tumor cells per mouse); quantification of
pulmonary tumors of mice that had been
treated on day 40 and sacrificed on day
50 (right graphs, 6 mice per group,
7.5x10° tumor cells per mouse). x-axis,
treatment with PBS, HA-1 or H-Y
CTLs; y-axis, number of pleural tumor
nodules visible on the intact lungs (C) or
number of intrapulmonal microtumors
per parallel section (D). Numbers of
lung tumors were pair-wise compared in
different groups of mice by Mann-
Whitney-U test. N.s.: not significant. (E)
Cytokeratin staining of single tumor
cells in the lungs of mice 3 days after
i.v. administration of MDA-MB 231
tumor cells; bar, 50 um. (F) CDS8
staining of a pulmonary metastasis of
mice that had been treated on day 40
with HA-1 CTLs and sacrificed on day
50. Arrowheads indicate CD8+ CTLs;
bar, 50 um.



DISCUSSION

Our study is the first to show the potency and mHag specificity of human mHag HA-1 CTLs to destroy
human 3D microtumors that closely resemble clinical micrometastases and avascular tumor stages.
Although mHag HA-1 expression on single tumor cells has been described '>'"*%*, its clinically relevant
functional expression on 3D tumors was as yet unknown. Tumor eradication by HA-1 CTLs points
towards crucial differences in the functional expression of the mHag HA-1 on solid tumors compared to
tumor associated antigens (TAAs), which are commonly used as targets for cancer immunotherapy.

While 3D tumor growth results in loss of TAA presentation >

5 25,26

and in “multicellular apoptosis
resistance within 24h, the functional mHag HA-1 expression and tumor susceptibility to mHag CTL
lysis were not hampered by the 3D tumor growth in our study. Interestingly, complete microtumor
eradication has not been shown for human TAA specific CTLs, to the best of our knowledge. A possible
explanation might be the frequently lacking TAA expression in a considerable proportion of cancer cells
in clinical tumors, as shown for melanocyte differentiation (e.g. MelanA/MART-1 or gp100) %’ and for
cancer testis antigens (e.g. MAGE—-1 or NY-ESO-1) % Also experimental 518A2 melanomas used in
our study were only heterogeneously positive for MelanA (data not shown). The complete eradication of
microtumors by HA-1 CTLs provides a first indication that HA-1 is expressed on the vast majority of
tumor cells in our model. Nevertheless, it needs to be considered that primary tumors may have a more
complex hierarchy of cancer stem cells and progeny than reflected by tumor cell lines in our model.
Thus, further studies using HA-1 specific antibodies or probes for mRNA in situ hybridization are
required to exactly determine the homogeneity of HA-1 expression, particularly in clinical tumors.
Overall, the capability of HA-1 CTLs to infiltrate microtumors, to inhibit tumor growth and, ultimately,
to eradicate human microtumors in a highly mHag specific manner, qualifies HA-1 as powerful
allogeneic target on solid tumors.

Immunotherapy * cancer cells Figure 6. Targeting solely mismatched
tumor mHags boosts the GvT effect.

HLA-matched patients and donors
CTLs against # remain mismatched for multiple mHags.
tumor l?lHags GVT According to our working hypothesis,
host-derived antigen presenting cells

(APCs) persisting after allogeneic SCT

. induce an anti-host response of donor T-

host APCs kill cells. Based on the mHag tissue

distribution, the anti-host response is
dissected into a branch mediating GvT
effects only and a branch mediating both

Kill GvT effects and GvHD. Our findings
1 indicate that immunotherapy targeting

\ mismatched tumor mHags only is
CTLs against & # GVH D sufficient to boost the GvT effect.

ubiquitously expressed
mHags epithelial cells

However, after HLA-matched allogeneic SCT, the tumor mHag HA-1 is only one of many mismatched
mHags driving the GvH response. Accordingly, also CTLs directed against the GvHD target antigen H-Y
were highly effective in eradicating human solid tumors in our study in vitro. In fact, both mHag CTLs

against tumor mHags (HA-1) and against ubiquitously expressed mHags (HA-3 and HA-8) are detectable
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in solid tumor patients responding to allogeneic SCT *. The individual contribution of CTLs against
tumor mHags and CTLs against ubiquitously expressed mHags to the GvT effect is unknown. However,
the high efficacy of HA-1 CTLs in our study in vitro indicates that solely targeting tumor mHags might
be sufficient to boost the anti-solid tumor response in vivo (Figure 6).

Accordingly, adoptive transfer of a single dose of HA-1 CTLs was highly effective in eradicating
disseminated tumor cells and, thereby, preventing pulmonary breast cancer metastases in our study in
vivo. Although eradication of murine tumors by targeting a ubiquitously expressed murine mHag was
recently demonstrated by Perreault and co-workers *, we here show for the first time the in vivo anti-
tumor efficacy of CTLs directed against a human tumor-restricted and, thus, clinically relevant mHag.
Several factors might have contributed to the high in vivo efficacy of HA-1 CTLs. Firstly, adoptively
transferred CTLs temporarily accumulated in the lungs on day 1. Thus, administered CTLs passively
encounter lung metastases via the pulmonary circulation. Of note, the systemic distribution of HA-1
CTLs observed in the macrotumor model indicates that HA-1 CTLs have the potential to eliminate solid
tumor cells at all possible sites of metastases in all organs. Secondly, the high CTL to tumor cell ratio
(>40:1) has likely contributed to the anti-solid-tumor efficacy of HA-1 CTLs. This assumption is
supported by the CTL dose-dependent long-term efficacy of mHag CTLs against microtumors in vitro
and our previous observation that HA-1 CTLs were only effective against minimal leukemic disease in
NOD/scid mice, while not against overt leukemia *. Finally, the direct contact of administered CTLs
with the disseminated tumor cells without the need of tumor infiltration may have facilitated the anti-
tumor efficacy of HA-1 CTLs in this model. However, HA-1 CTLs also inhibited the progression of
pulmonary metastases fully established as 3D tumor structures. This finding is particularly relevant in
cases in which complete remissions cannot be achieved by conventional treatments before HA-1 specific
immunotherapy. Overall, our in vivo data demonstrate that HA-1 CTLs are therapeutically highly
effective against solid tumors in minimal disease.

In contrast, s.c. macrotumors represented a limitation in our NOD/scid mouse tumor model, as in this
setting hardly any tumor infiltrating HA-1 CTLs could be detected. This finding reflects conflicting data
on tumor infiltration by TAA CTLs upon adoptive transfer in man. Despite indications for infiltration by

TAA CTLs were found in some metastatic melanoma lesions of few evaluated patients '

, most
metastases seemed to be spared by TAA CTLs. The reasons for low tumor infiltration by human CTLs
specific for single tumor epitopes are poorly understood. In our in vivo s.c. macrotumor model, the
systemic distribution of transferred CTLs suggests that HA-1 CTLs can reach the circulation of the well
vascularized MDA-MB 231 tumors (data not shown). Potential difficulties for CTLs to home to tumors
or to cross the xenogeneic tumor endothelium cannot be excluded by our experiments. However, we have
ruled out a loss of functional HLA-A2/HA-1 target antigen expression in vivo. The fact that all three
tested HA-1 CTL clones were hardly detectable in tumor biopsies upon in vitro co-incubation makes an
individual characteristic of one particular CTL clone unlikely as reason for low macrotumor infiltration.
The absence of human HA-1 cross-presentation by mouse stromal cells in s.c. macrotumors may lead to
insufficient stimulation of CTL migration **. Also CTL deletion by e.g. intratumoral nutrition deprivation
or “tumor counter attack” ° need to be considered. However, our finding that in vitro microtumors and
pulmonary metastases were — in contrast to s.c. macrotumors - considerably infiltrated by HA-1 CTLs
might also point towards differences in the composition of the various MDA-MB 231 tumors. In fact, the
compactness of the tumor histology increased from in vitro microtumors over pulmonary metastases to

s.c. macrotumors (Supplemental Fig. S7A). Moreover, the higher compactness of the larger (8 mm at
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explant) s.c. macrotumors compared to the smaller (<1 mm) pulmonary metastases was associated with a
much higher content of connective tissue (i.e. desmoplasia) in these tumors in vivo (Supplemental Fig.
S7B,C). Thus, the tumor architecture might, in analogy with applying antibodies ** and chemical anti-
tumor agents * and as indicated by previous reports >, represent a physical barrier for CTL infiltration.
The in vitro and in vivo models presented in this study might help to further verify this hypothesis and to
identify specific molecules in the extracellular matrix of tumors accessible for therapeutic intervention to
reduce this CTL barrier. Since desmoplasia in man correlates with the progression of solid tumors *°, our
data suggest that there are at least two interrelated factors associated with a high tumor load hampering
the success of allogeneic immunotherapy, namely the unfavorable in vivo effector to target cell ratio and
the tumor composition. These data may partially explain the experience after allogeneic SCT for

™1 and solid tumor ** treatment, that allo-immunotherapeutic effects are generally most

leukemia
successful in minimal residual disease. Thus, optimally, tumor reduction by e.g. surgery, chemo- or
radiotherapy should precede a consolidation with allogeneic SCT combined with tumor mHag specific
immunotherapy.

Evidently, T-cell depletion with subsequent infusion of only tumor mHag specific CTLs is the safest
form of exploiting tumor mHag mismatches between donor and patient. However, murine studies suggest
that GVHD provides an optimal pro-inflammatory environment for the efficacy of CTLs directed against
tumor-restricted antigens **. Of course, questions regarding the interplay between GvHD and GvT effects
cannot be addressed in our in vivo models, because of the absence of human GvHD target antigens in
NOD/scid mice. Ongoing and future clinical studies will show whether tumor mHag CTLs are most
effective during mild and manageable GvHD, thus favoring non-T-cell depleted allogeneic SCT or donor
lymphocyte infusions as platform for tumor mHag specific immunotherapy of solid tumors .

Conclusion

We have shown the first proof of concept that tumor mHag CTLs can induce strong effects against
metastatic cancer in vivo. Thus, mismatched mHags with hematopoiesis- and solid tumor-restricted
expression are excellent tools to boost the allo-immune response against solid tumors after HLA-matched
allogeneic SCT. These findings pave the way towards allo-immunotherapy protocols for metastatic
cancer that do not risk severe GVHD and which overcome — due to the “allo-ness” of the mHag target
molecules — the major limitation of current immunotherapies in the autologous setting, namely self-
tolerance. A novel approach for enhancing the allo-immune response against tumor mHags is mHag
peptide vaccination. Tumor mHag CTLs “naturally” arising after HLA-matched allogeneic SCT may be
boosted by repetitive administration of the patient’s mHag peptides — an approach we are currently
testing in a first phase I/II study for patients with renal cell carcinoma.
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SUPPLEMENTARY TABLES AND FIGURES

Table S1. Characteristics of the

Tum_orcell HA-1_ HA-1 H-Y_ !-Iistology _ofthe Reference tumor cell lines used in this
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Figure S2. Detailed
characterization of the human
HA-1 CTL clones. (A) Response
of HA-1 specific CTL clones to
serial dilutions of HA-1 peptide
loaded on EBV LCLs in a Cr51
release assay. (B) HA-1 CTL
clones were analyzed for the
markers CD45RA and CD62L in
order to categorize them as naive
(N), central memory (CM), effector
memory (EM) or EM-RA cells.
Subsequently, HA-1 CTL clones
were stained for CD27 and CD28
to determine the differentiation
stage of the CTLs. PBMCs are
shown as controls.

Figure S3. Infiltration of
microtumors by different CTL
clones. Microtumors were co-
incubated with different HA-1
CTLs and H-Y CTLs for 3 days in
an effector-target ration of 15:1
and tumor infiltration by CTLs
was determined by
immunohistochemistry for CDS.
X-axis: the HA-1 CTL clones 1.7,
2.12 and 3HAI1S5 and the H-Y
CTL clone 21-17; Y-axis: number
of CD8 + staining cells / mm2 on
median 7 parallel sections (3-13)
per CTL clone.
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Figure S4. Long-term monitoring
of microtumor growth after CTL
treatment. Microtumors  were
generated from (A) tumor cell lines
from in vitro culture or (B) MDA-
MB 231 cells explanted from s.c.
tumors grown in NOD/scid mice
for 4 weeks. Each line represents
mean microtumor area +/- SEM
(median 3 (range 3-5) microtumors
per condition). X-axis: day of
culture; y-axis: microtumor area
(mm2). Treatment: HA-1 CTLs
(E:T ratio 15:1) ¢; H-Y CTLs (E:T
ratio 15:1) O; allo-HLA-A2 CTLs
(E:T ration 15:1) e; medium m.
Tumor growth in the medium
control wells was terminated on
day 6 due to beginning overgrowth
of the culture well.

Figure S5. In vivo distribution of
HA-1 CTLs. NOD/scid mice with
s.c. MDA-MB 231 macrotumors
received iv. a single dose of
30x106 HA-1 CTLs (clone 1.7).
HA-1 CTLs were quantified in
lung, liver, spleen, bone marrow,
peripheral blood and the solid
tumor at 1, 3, 7, 14 or 21 days after
CTL transfer. Depicted are the
absolute numbers of viable human
CTLs in the individual tissues. Bars
correspond to mean +/- S.EM. (4
mice per measurement time point).

Figure S6. Kinetic of CTLs in the
peripheral blood in the
pulmonary microtumor model.
On the X-axis is depicted the time
after HA-1 or H-Y CTL
inoculation. On the Y-axis is
depicted the mean CD8 cell counts
+/- SEM in the peripheral blood of
mice (6 mice per group).
Treatment: closed squares: HA-1
CTL clone; triangles: H-Y CTLs.
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Figure S7. Connective tissue in
MDA MB-231 tumors grown in
vitro and in vivo. In vitro
microtumors, pulmonary
metastases and s.c. tumors were
stained with H&E (A) and with the
connective tissue stains Masson’s
Trichrome (B) and Resorcin-
Fuchsin counterstained with van
Gieson’s (C). (B) Masson’s
Trichrome: collagen — green,
cytoplasm — red, nuclei — dark
brown;  arrowheads: collagen
(green). (C) Resorcin-Fuchsin
counterstained with van Gieson’s:
elastic fibres - black, collagen —
red, cytoplasm — yellow/brown,
nuclei —brown; arrowheads: micro-
and macrotumor: collagen (red),
pulmonary  metastases:  elastic
fibres (black); bar, 100 pm.
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