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Introduction

The idea of possible neoplasia recognition and eradication by the immune system is
not new. One of the first documented pieces of evidence concerning the role of immune
system activation in tumour therapy was observed by William Bradley Coley in the late
nineteenth century. He noticed that patients' tumours occasionally shrank when the tumours
became infected (severe septicaemia/erysipelas) [Coley 1910]. However, since that
observation until the end of the twentieth century the question whether the immune system is
able to eliminate tumour cells remained very controversial. In the 1970s Zinkernagel and
Doherty validated the hypothesis that CD8" T cell recognition and destruction of cells is
MHC class I-dependent [Zinkernagel and Doherty, 1974 a/b]. This brought more arguments
for the supporters of the theory that tumour growth control by the immune system. Although
it referred to the viral antigens (Ags), it suggested the mechanism of how tumour Ags (in the
context of MHC class | molecules) could be recognized by cytotoxic lymphocytes. Besides
that, the discovery of dendritic cells (DC), leukocyte population with unique ability to present
both self and non-self Ags, was another finding which contributed to the clarification of the
mechanisms of anti-tumour immunity [Steinman and Cohn, 1973]. Later, many tumour-
associated or -specific Ags were identified. One of the tumour-specific Ags described were
proteins derived from human papillomavirus 16 (HPV 16), the etiological agent of cervical
cancer [reviewed by Frazer et al., 2011]. Together with the DC discovery it created the
theoretical background for the development of dendritic cell- or peptide-based anti-tumour
vaccines. Despite the growing knowledge in the field of tumour immunology, clinically
efficient peptide-based therapeutic vaccine has been so far formulated for precarcinogenic
lesions [Kenter et al., 2009].

Besides the role in the protection against neoplasia, development of the immune
system can also contribute to the acceleration of tumour growth. Certain leukocyte
populations such as Treg (regulatory T cells) or NKT cells can regulate immune response and
thus contribute to cancer progression/regression. Tumour cells or tumour microenvironment
in general can influence immune cells and also inhibit efficient anti-tumour response. One of
the major obstacles during the tumour immunotherapy is posed by the loss of the presentation
of the cell surface tumour Ag. It is often mediated by the downregulation of MHC class |
molecules on tumour cells and represents a common mechanism by which tumour cells can

escape anti-tumour immunity [summarized by Reinis 2010]. However, epigenetically silenced
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expression of MHC class | molecules can be reversed by epigenetic modifiers such as
inhibitors of DNA methyltransferases (DNMT) or histone deacetylases (HDAC) [Khan et al.,
2008; Manning et al., 2008; Setiadi et al., 2008; Simova et al., 2011]. This thesis focuses on
the potential of the DC-based vaccines against HPV-16-associated tumours with a different
MHC class | expression, on the combination of cancer immunotherapy with the treatment
using epigenetic modifiers, with special attention paid to their effects on DC, and, finally, on
the impacts of the anti-CD25 antibody (used for Treg elimination) on Treg and NKT cells, as
well as on tumour progression. The experimental part was performed in the Laboratory of
Tumour Immunology (Institute of Molecular Genetics, Academy of Sciences of the Czech
Republic, Prague) and the thesis is based on four original articles (see the list of my
publications).

Aims
The subject of the thesis is experimental immunotherapy of HPV16 associated MHC class I-
deficient or -positive tumours in the murine model and regulation of anti-tumour immune

response with special attention paid to the effects of epigenetic agents. The main objectives

were following:

1) to evaluate the efficacy of DC-based vaccines in a murine model of MHC class I-deficient
tumours (TC-1/A9) expressing E6/E7 oncogenes derived from HPV16

2) to analyze how epigenetic modifier (5-azacytidine) can influence tumour cell interaction
with the immune system and their sensitivity to immunotherapy

3) to determine the effect of epigenetic modifiers (5AC, TSA) on DC maturation

4) to determine the effect of PC61 antibody on Treg or activated NKT cells, and its
implication for immunotherapy of the experimental murine model of HPV16-associated

tumours



Material and methods

TC-1 model system of the HPV-associated cancers

Transplantable tumours engineered to express papillomavirus nonstructural proteins can be
used as a murine model of HPV16-associated cancers. TC-1 tumour cell line used in our
studies was derived from primary lung epithelial cells of C57BL/6 mice cotransformed with
HPV-16 E6 and E7 and c-Ha-ras oncogene [Lin et al., 1996]. TC-1 cell line is a useful model
for the immunotherapy of HPV16-associated cancers. MHC class I-deficient cell line derived
from the parental TC-1 cell line was marked as TC-1/A9 [Smabhel et al., 2003]. TC-1/A9 cell
line was obtained from the selected TC-1 tumours developed in immunized mice. In the
context of MHC class | molecules of C57BL/6 mice, immunodominant epitopes, especially in
the E7 protein, are well characterized. This makes these cells an excellent experimental model

for testing of vaccines against tumours with distinct MHC class | expression.

Dendritic cell cultivation

Data presented in this dissertation thesis were mainly obtained from the culture of the murine
bone marrow precursors cultivated for seven days in the complete medium RPMI-1640
supplemented with GM-CSF and IL-4 as described by Lutz et al. 1999 and with minor
modification published by Indrova et al. in 2004, Stepanek et al. 2011. GM-CSF is cytokine

commonly used in the majority of the protocols for DC preparations.

Depletion of Treg

Depletion of Treg was performed by the administration of diphteria toxin to transgenic mice
expressing diphteria toxin receptor under the FoxP3 promoter (DEREG mice) or by
application of anti-CD25 mAb (PC61).

Activation of NKT cell
As the potent exogenous lipid antigen to stimulate murine NKT cells was used alpha
galactosyl ceramide (a-GalCer). Activation of NKT cells was determined by expression of the

activation marker (CD69) or by production of cytokines (IFNy, IL-4).



Results and discussion

MHC class | downregulation on tumour cells constitutes an obstacle for
immunotherapy. Peptide- or DC-based vaccines provide a promising approach in the tumour
immunotherapy, but so far there are only few reports on this topic regarding their efficacy
against MHC class I-deficient tumours. In our experiments we utilized TC-1 tumour cell line
and its MHC class I-deficient subpopulation TC-1/A9. These cancer cells express non-self
HPV16-derived E6 and E7 proteins.

Immunization with a peptide containing only a short CD8" T cell epitope protected
mice against the challenge with parental MHC class I-positive tumours but not against less
immunogenic MHC class I-deficient TC-1/A9 tumours. It was suggested that short peptides
can be exogenously loaded on the MHC class | of cells including nonprofessional Ag
presenting cells, immature DC, T or B cells [Bijker et al., 2008; Melief and van Burg 2008],
and the lack of the surface costimulatory molecules on these cells required for the appropriate
CTL generation can shift immune response to tolerance [Melief 2011, van Hall and van Burg
2012]. Addition of CD4 epitope to minimal peptides containing CD8 epitope was able to
increase the efficiency and eradicate even palpable HPV16-associated tumours [Zwaveling et
al., 2002]. Peptides harbouring CD4 epitope in addition to CD8 epitope were more efficient in
our tumour protection experiments, since they induced a higher numbers of specific CTL
which produced a large amount of IFNy, as compared to the short peptides harbouring just the
CTL epitope. It was shown by Bennett et al. in 1997 that induction of cytotoxic lymphocytes
by cross-priming requires help of CD4" T cells and that this interaction is effective only when
both the helper and CTL epitopes are recognized on the same APC. A longer peptide used in
our studies contained an overlapping T helper and cytotoxic T cell epitope and we could not
evaluate the necessity for the presentation of both determinants on the same cell.

Tolerance induced by vaccination with short peptides containing CD8" T cell
determinants was also overcome by loading these peptides directly onto DC vaccines [Toes et
al., 1998]. In our setting, peptide-pulsed DC efficiently presented Ags, provided sufficient
costimulatory and cytokine signals for T cell activation [Lutz and Schuler, 2002], induced
sufficient CTL response and protected mice against the challenge of TC-1/A9 cells. Thus, the
tumour growth acceleration with the vaccination by the short peptide was overcome as
described previously. Data from the studies mentioned above are in agreement with our

results, and conclusions from the experiments using MHC class I-deficient tumours suggested



the validity of the discussed principles for immunotherapy of MHC class I-deficient tumours
as well. Indeed, our experiments revealed that vaccines inducing specific immunity against E7
protein could prevent or inhibit the growth of MHC class I-deficient tumours, although the
mechanisms may be different from those that play role in the development of the protective
immunity against parental, MHC class I-positive tumours.

Apart from approaches leading to the development of vaccines targeting MHC class I-
deficient neoplasia, the induction of MHC class | expression by epigenetic modifiers and
combination with established immunotherapy could be an alternative to the former one.
Epigenetic agents (HDAC and DNMT inhibitors) are able to reverse DNA hypermethylation
or histone hypoacetylation and in this way induce expression of the silenced genes. This could
also be the case of molecules involved in the MHC class | antigen processing machinery and
thus induce presentation of Ags in the context of MHC. We reported that 5AC was able to
induce expression of MHC class | molecules on the TC-1/A9 tumour cells of lung epithelia
origin both in vitro and in vivo [Manning et al., 2008; Simova et al., 2011]. Reexpression of
MHC class | molecules by effects of epigenetic modifiers was reported by Serrano et al. and
Nie et al. in 2001, who demonstrated demethylation of the genes encoding MHC class | heavy
chains and restoration of CTL response. In our model, expression of MHC molecules
correlated with the level of promoter demethylation and with the mRNA level of genes of
MHC class | APM (TAP1, TAP2, LMP2, LMP7 and TAPBP). Moreover, 5AC increased
expression of the components of IFNy signaling pathway such as STAT-1, IRF-1 and IRF-8,
which suggests involvement of IFNy in MHC class I upregulation and/ or in the immune
response mechanism [Pollakova, unpublished].

5AC and 5-aza-2"-deoxycytidine as cytostatic compounds and inhibitors of DNMT
have been approved for clinical use in the treatment of myelodysplastic syndrome [Mai and
Altucci, 2009; http://www.fda.gov/, 2012]. We demonstrated that chemotherapy with 5AC
reversed silencing of MHC class | Ag presentation and increased sensitivity of tumours to
unspecific immune intervention by administration of CpG ODN 1826 or IL-12-producing
cellular vaccine. In vivo cell depletion study revealed a major role of NK 1.1" cells in mice
during the combined treatment. It was previously shown that the NK 1.1" cell population was
able to control the early phases of tumour growth of the parental MHC class I-positive TC-1
cell line [Simova et al., 2004]. Data document the role of the innate immunity against
neoplasias regardless of their MHC class | status. CD8" cell dependence of the therapeutic
effect was not observed after 5AC administration, but only after combined therapy with CpG

ODN 1826, which proved the induction of CD8" cell dependent mechanism in the protective

6



immune responses. Other immunomodulatory effects of epigenetic modifiers can be mediated
by influencing other components of the immune system and could not been monitored by
tumour growth inhibition or cell-depletion studies. Thus, we tested possible adverse effects of
5AC treatment in our experimental setting. The total number of spleen cells and IFNy-
producing splenocytes was decreased after chemotherapy with 5AC, but the proliferative
capacity and the proportion of spleen cell populations remained unaffected. 5AC also did not
alter the percentage of activated T, B and NK cells induced by CpG ODN 1826.

In another set of experiments, we decided to monitor the effects of 5AC and another
epigenetic modifier, TSA, on DC function with the focus on their maturation. There is still
lack of data on the effect of DNMT inhibitors on DC function. On the other hand, it was
reported that HDAC inhibitors such as TSA were able to block the expression of
costimulatory molecules and production of IL-12 by murine bone marrow-derived or human
monocyte-derived DC and to inhibit DC-drived Th1 responses [Bode et al., 2007; Nencioni et
al., 2007; Brogdon et al., 2007]. According to our experiments, treatments by both 5AC and
TSA blocked the production of IL-12 by mature DC. Furthermore, incubation of DC with
TSA reduced the amount of surface MHC and costimulatory molecules CD40 and CD86 on
the mature DC. Concentrations and incubation time of the inhibitors were selected to
maximize their biological effects and reduce direct cytotoxicity. No effect of 5AC or TSA on
the cell viability was observed by MTT test or trypan blue staining. Despite the low toxicity
of the inhibitors, both epigenetic agents blocked DC proliferation. Cell yields of the treated
DC reached about 50% of the control samples. Cell cycle arrest in sub-G1 phase by 5AC was
described in acute myeloid leukaemia cell lines [Hollenbach et al., 2010] and a similar effect
could play a role in our DC cell culture system as indicated by the cell yields of DC and cell
viability assays.

Because 5AC has to be incorporated into DNA to be functional as DNMT inhibitor
[Christman 2002] and possesses very low stability in solution [IARC 1990], proper timing of
the inhibitor application is required. DC are one of the most important sources of IL-12 in the
organism, and therefore, in the second step, Kkinetics of 1L-12 production by mature, CpG
ODN-treated, DC was analyzed. Interestingly, the effects of TSA on IL-12 production
manifested themselves after 24 hour and appeared faster in comparison to 5AC, whose effects
were apparent after 48 hour of cocultivation. This was probably caused by the necessity of
5AC to be incorporated into DNA for the proper inhibitory function [Christman 2002], which
can happen only once per cell division. Epigenetic modifiers decreased expression of mMRNA
corresponding to the larger subunit of I1L-12 (IL-12p40) in mature DC. The level of IL-12p40
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correlated with the level of secreted IL-12 and it seems that the expression of the inducible
IL-12p40 subunit was a limiting factor for the IL-12 production in our setting. In contrast to
IL-12p40, the level of smaller subunit 1L-12p35 was not affected by the presence of
epigenetic modifiers. Production/expression of other important cytokines such as I1L-6, IL-10,
IL-23p19, IFNy and TNFa by DC was also decreased and regulated in a similar manner as
IL-12 which suggests shared regulatory mechanism. Experiments from the cytokine studies
were performed on LPS- and CpG ODN 1826-matured DC derived from either murine bone
marrow or human monocytes. This fact corroborates the conclusion that the results are neither
species nor maturation stimuli specific.

Despite inhibitory effect of 5AC on cytokine production, 5AC-treated DC cocultivated
with specific T cell did not change the ability to induce T cell response or polarize T helper
cells. Furthermore, TSA additionally blocked expression of MHC class Il and costimulatory
molecules (CD86 and CD40) on the surface of mature DC. This DC phenotype was associated
with decreased ability to stimulate naive specific CD4 or CD8 T cells and their production of
IFNy. Splenocytes cocultivated with TSA treated mature DC downregulated expression of
RORyt and increased expression of FoxP3.This is in line with data that pharmacologically
modulated or immature DC can induce Treg or tolerogenic signals in their environment
[Cobbold et al., 2010].

In another experimental part, we focused on depletion of Treg by anti-CD25 mAb and
its possible additive effect on tumour immunotherapy targeting NKT cells by application of
their activation ligand a-GalCer. This assumption was supported by data from two recent
studies. Petersen et al. in 2010 showed potentiation of anti-B16 tumour response to
immunization with DC loaded with a-GalCer. Additionally, direct administration of a-GalCer
combined with anti-CD25 (PC61) increased the therapeutic effects of a-GalCer in a BALB/c
metastatic mammary model (4T1) [Hong et al., 2010]. However, in our system, a synergistic/
additive effect of the combination treatments with the anti-CD25 antibody (PC61) and
a-GalCer was not observed. The possible explanation of the discrepancies of our data with
the published literature could be the difference in the experimental setting, mouse strains or
cancer cell lines. We tried to determine in more detail if anti-CD25 antibody (PC61) interferes
with the NKT cell stimulation. We used DEREG mice expressing diphtheria toxin receptor
under the FoxP3 promoter. This system allows specific Treg depletion [Lahl et al., 2007]. By
comparison of results obtained in DEREG mice to the results from the PC61 antibody-treated
wild type mice we could distinguish the specific effects of Treg depletion from further effects

of PC61 mAb. CD25 is possible to detect on the surface of activated mouse and human NKT
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cells [Bessoles et al., 2008; Kim et al., 2006] and CD25 is antigen recognized by PC61 mAb.
However, in comparison to human NKT, the expression of CD25 was observed only on a
small fraction of NKT cells and this CD25 positive population was induced by a-GalCer.
Activation of NKT cells was analyzed 72 hours after stimulation by downregulation of
activation marker CD69 [lkarashi et al., 2006]. PC61 mAb abrogated activation of NKT cells,
and inhibited their proliferation and IFNy production by activated NKT cells. These data
clearly demonstrate that anti-CD25 mAb treatment targeting Treg can be controversial and its
efficacy is dependent on the particular treatment setting.

Taken together, our results support the data that peptide vaccines effective against
MHC class-I positive tumours might not be efficient against tumours with defects in MHC
class I presentation and further improvements of protocols as addition of T helper epitopes or
using peptide-pulsed DC are desirable for the induction of the efficient immune response
against MHC class I-deficient tumours. We have concluded that the potential 5AC adverse
effects on the immune system, especially on DC, were not an obstacle for an effective
combination treatment with immunotherapy against MHC class I-positive or -deficient
tumours. Besides that, our data indicate that epigenetic changes (induced e.g. by 5AC or TSA)
play a role in many immunological important events including DC maturation, and therefore
it is important to know the consequences of chemotherapy on the function of DC.
Additionally, understanding of mechanisms behind DC maturation is beneficial for the
possible clinical application. Since chemo- or immunotherapy can induce negative regulators
of the immune responses (Treg), the therapeutic efficacy could be increased by combining the
treatment with anti-immunosuppressive treatments such as depletion of Treg. Although using
mAD targeting CD25 can deplete Treg, direct effects on effector cell populations (NKT cells)
have been observed. Therefore, other possibilities for Treg modulation, e.g. application of low
doses of cyclophosphamide [Motoyoshi et al., 2006] or 1-methyl-tryptophan [Feunou et al.,
2007; Chen et al., 2008] should be considered.



Conclusion

Results obtained from the projects involved in this dissertation are important for
optimization of vaccination and immunotherapeutic strategies that take into the account the
MHC class | status of neoplasia. We documented that the treatment of MHC class I-deficient
tumour by epigenetic modifiers sensitized neoplasia to the immunotherapy. Our data provide
evidence that besides the known targets of epigenetic agents or immunoregulatory antibodies
other unspecific or indirect activities should be considered during the therapy. Our findings

suggest that:

e the efficiency of peptide vaccines against MHC class I-deficient tumours can be increased

by harbouring CD4 epitopes or by longer peptides requiring DC processing

o the treatment of MHC class I-deficient tumours with epigenetic agents sensitized
neoplasia towards the immunotherapy by CpG ODN or IL-12 producing cellular vaccine,

immunotherapeutic effect was at least partially mediated by CD8" cells

e treatment with epigenetic agents interfered with DC maturation mainly by inhibition of
cytokine production (IL-6, IL-10, 1L-12, IL-23, IFNy); TSA but not SAC significantly
reduced the expression of costimulatory molecules (CD40, CD86) and the capacity of
mature DC to stimulate proliferation of the CD4" and CD8" T lymphocytes

o application of anti-CD25 mAb (PC61) used for depletion of Treg impaired NKT cell

activation
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Uvod

Jeden z prvnich dikazi o roli imunitniho systému pfi nadorové terapii byl zaznamenan
doktorem William Bradley Coleym na konci devatenactého stoleti. Coley pozoroval zmenseni
nadort u nékterych pacientt s infekci nadoru (erysipel) [Coley 1910]. Od tohoto pozorovani
do konce dvacatého stoleti byla otazka efektivity imunitniho systému pii eliminaci
nadorovych bunék velmi kontroverzni. Zinkernagel a Doherty formulovali hypotézu o
rozpoznavani antigent CDS8" T buiikami zavislého na MHC molekulach 1. tiidy (MHC 1)
[Zinkernagel a Doherty, 1974 a/b]. To pfineslo vice argumenti pro podporu teorie o kontrole
ristu nadorli imunitnim systémem. Ackoliv se tato hypotéza plivodné vztahovala na
prezentaci virovych antigend, navrhovala mechanismus, jak by mohly byt nadorové antigeny
rozpoznavany cytotoxickymi T lymfocyty. Mimo to, objev dendritickych bun¢k (DC), vzacné
populace bilych krvinek s unikatni vlastnosti prezentovat antigeny Ralfem Steinmanem byl
dalSim z dulezitych objevii objasnujici mechanismus protinadorové imunity [Steinman a
Cohn, 1973]. Proteiny odvozené z lidského HPV 16, etiologického puvodce nadori karcinomu
dé€lozniho hrdla, byly jednim z popsanych specifickych nadorovych antigent [shrnul Frazer et
al., 2011]. Spole¢né s objevem DC tak byly vytvoieny teoretické piedpoklady pro vyvoj
protinadorovych vakcin na bazi DC nebo peptidi.

Imunitni systém nejen chrani proti rozvoji nddorovych onemocnéni, ale mize piispét
také k jeho urychleni. Uréité populace leukocyti jako Treg (T regulac¢ni bunky) a NKT buriky
mohou regulovat imunitni odpovéd’ a tak mohou pfispét k progresi nadort. Nadorové bunky a
jejich mikroprosttedi také mohou potlatovat imunitni reakce a tim také inhibovat
protinadorovou odpoveéd. Jednu zhlavnich piekdzek pro protinddorovou imunotherapii
predstavuje ztrata prezentace nadorového antigenu. Je Casto zprostiedkovana snizenim poctu
MHC | na povrchu nadorovych bunék a piedstavuje bézny mechanismus, kterym nadorové
buniky unikaji protinddorové imunité [shrnul Reinis 2010]. Epigeneticky tlumend exprese
MHC molekul mize byt obnovena G¢inkem epigenetickych modifikatorti jako jsou inhibitory
DNA metyltransferaz (DNMT) nebo histonovych deacetyldz (HDAC) [Khan et al., 2008;
Manning et al., 2008; Setiadi et al., 2008; Simova et al., 2011].

Tato prace se zaméfuje predevSim na potencialni vakciny zaloZzené na bazi DC proti
nadorum associovanych s HPV 16 odliSnych v expresi MHC 1, kombinaci imunoterapie

s aplikaci epigenetickych modifikatorti se zamétenim se na DC, na dopad pouziti protilatky
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proti CD25 (vyuzivané k depleci Treg) na Treg, NKT bunky a na rast nadoru. Tato disertacni
prace byla vypracovéana v Laboratofi nadorové imunologie (Ustav molekularni genetiky AV
CR, V. V. 1i., Praha).

Cile prace

Pfedmétem této diserta¢ni prace je experimentalni imunoterapie nadort asociovanych s HPV
16 sodlisSnou expresi MHC | na mySim modelu a studium imunoregulace protinddorové
imunitni odpovédi s dirazem na efekty epigenetickych modifikator. Hlavnim zamétenim

prace jsou nasledujici témata:

1) posoudit ucinnost vakcin na bazi dendritickych bunék na myS$im modelu MHC |

deficientnich nadoru (TC-1/A9) exprimujicich onkogeny E6/E7 odvozené z HPV16

2) vyhodnotit, jak epigeneticky modifikator (5-azacytidin) muze ovlivnit interakci

nadorovych bunék s imunitnim systémem a jejich citlivost k imunoterapii
3) urcit, jak pasobi epigenetické modifikatory (SAC, TSA) na maturaci dendritickych bun¢k

4) urcit efekt protilatky PC61 (anti-CD25 mAb) na Treg nebo aktivované NKT buriky a jeho
dasledek pro imunoterapii experimentdlniho mysiho modelu nadorG asociovanych s

HPV16
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Material a metodika

TC-1, modelovy systém nadori asociovanych s HPV16

Transplantovatelné nadory exprimujici nestrukturalni proteiny papilomavirt mohou byt
pouzity jako mysi model nadorti asociovanych s HPV16. Nadorova linie TC-1 pouzita v
naSich studiich byla odvozena z primarnich plicnich epitelidlnich bunék C57BL/6 mysi
transfektovanych proteiny E6 a E7 odvozenych z HPV-16 a c-Ha-ras onkogenem [Lin et al.,
1996]. Mysi nadorova linie TC-1 je pouzivany model pro imunoterapii nadoru asociovanych s
HPV-16. Nadorova linie deficientni v MHC | odvozena od parentalni linie TC-1 a oznac¢ena
jako TC-1/A9 [Smahel et al., 2003] byla zisk&na z vybranych TC-1 nadorti z imunizovanych
mySi. V kontextu molekul MHC | u C57BL/6 mysi, imunodominantni epitopy zejména v
proteinu E7 byly dobfe charakterizovany. To wurCuje tyto bunky jako excelentni

experimentalni model pro testovani vakcin proti nddorim s riznou expresi MHC 1.

Kultivace dendritickych bunék

Data prezentovana v této disertacni praci byla pfevazné ziskana na kulturach DC ziskanych
kultivaci prekurzort kostni dfené po sedm dni v kompletnim mediu obsahujici GM-CSF a IL-
4 jak popsal Lutz et al. v roce 1999 a s menSimi Upravami [Indrova et al., 2004; Stepanek et

al., 2011]. GM-CSF je standardné vyuzivan ve vétsiné protokolt pro ex vivo kultivaci DC.

Deplece regula¢nich T lymfocyta

Deplece Treg byla vyvolana aplikaci difteria toxinu transgennim mySim exprimujicim
receptor pro difteria toxin pod FoxP3 promotorem (DEREG mysi) nebo aplikaci anti-CD25
mAb (PC61).

Aktivace NKT bunék
Pro specifickou stimulaci NKT bunék byl pouzit a-GalCer jako uG¢inny exogenni lipidicky
antigen. Aktivace NKT buné€k byla stanovena na zaklad¢ exprese aktivacniho povrchového

znaku (CD69) nebo produkci cytokint (IFNy, 1L-4).
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Vysledky a diskuze

SniZeni exprese MHC | na povrchu nadorovych bunék piedstavuje piekazku pro
efektivni immunoterapii. Peptidové vakciny nebo vakciny na bazi DC piedstavuji slibny
piistup v oblasti nadorové imunoterapie, ale dosud bylo publikovano jen nékolik praci na toto
téma berouci v Gvahu expresi MHC I. Pro naSe experimenty byla vyuzita nddorova linie TC-1
a jeji subpopulace TC-1/A9, deficientni v expresi molekul MHC I. Tyto nadorové buiky
exprimuji E6 a E7 proteiny HPV16. Vakcinace kratkymi peptidy obsahujici pouze CD8
epitop chranila mysi proti rastu puvodnich MHC I-pozitivnich nadord TC-1, ale nebyla
ucinnd proti mén¢ imunogennim MHC I-deficientnim nddorim. Bylo navrhovéno, Ze kratké
peptidy mohou byt exogenné prezentovany v kontextu MHC molekul véetné
neprofesionalnich antigen prezentujicich bun¢k, nezralych denritickych bun¢k, T a B bunék
[Bijker et al., 2008; Melief a van Burg 2008]. Nedostate¢né mnozstvi kostimula¢nich molekul
na vySe uvedenych bunikdch miize posunout imunitni odpovéd k toleranci [Melief a van Burg
2008, van Hall a van Burg 2012]. Pfidani CD4 epitopu k minimalnimu peptidu obsahujici
samotny CD8 epitop je schopné zvysit u€innost a zabranit rastu dokonce i hmatnych nadort
asociovanych s HPV16 [Zwaveling et al., 2002]. Peptidy obsahujici cytotoxicky epitop i CD4
epitop byly vice u¢inné v nasich imuniza¢nich experimentech pfi inhibici rastu nadord a pii
indukeci specifickych T bunék produkujicich IFNy. Bennet et al. v roce 1997 prokazal, ze
indukce cytotoxickych lymfocytii pomoci “cross-primingu” vyzaduje pomoc CD4" T bunék a
Ze tato interakce je efektivni pouze tehdy, kdyz jak cytotoxicky i CD8 epitop je rozpoznan na
stejné antigen prezentujici buiice. Delsi peptid vyuzity v nasi studii obsahoval prekryvajici se
CD4 a CD8 T bunécny epitop a z tohoto diivodu nebylo mozné hodnotit prezentaci obou
epitopti na stejné bunce. Tolerance vyvolana vakcinaci kratkymi peptidy obsahujicimi pouze
CD8 T bunécny determinant muze byt ptekondna piimou pulsaci DC témito peptidy [Toes et
al., 1998]. V nasem uspofadani, DC pulsované peptidy ucinné prezentovaly antigeny,
poskytly dostatecné kostimulacni a cytokinové signaly pro aktivaci T bun¢k [Lutz a Schuler,
2002], indukovaly dostatecnou cytotoxickou T odpovéd’ a chrénily mysi proti riistu nadori
TC-1/A9. Timto zpusobem bylo urychleni rastu nadorti zpusobené vakcinaci kratkym
peptidem piekonano. Data z vySe uvedenych studii jsou v souladu s nasimi vysledky z MHC
I-deficientniho nddorového modelu a dokazuji platnost vySe uvedenych principti také pro
imunoterapie nadoru deficientnich v MHC . NaSe experimenty ukazaly, Ze vakciny schopné

vyvolat specifickou imunitu proti E7 proteinu mohou zabranit nebo inhibovat rist nadora
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deficientnich v MHC 1, a¢koliv mechanismus mize byt odlisny od mechanismu duleZitého
pro indukeci protektivni imunity proti parentalnim nadortim pozitivnich na MHC I.

Epigeneticka agens (inhibitory HDAC a DNMT) jsou schopné zvrétit hypermetylaci
DNA nebo hypoacetylaci histonti a timto zptisobem indukovat expresi tlumenych genti, coz
bylo popsano u mnoha typt neoplasii. Tento zptisob tlumeni genové exprese by mohl byt
vyznamny i pfi regulaci prezentace antigenti v kontextu MHC 1. V roce 2011 jsme publikovali
data, ukazujici indukci exprese MHC | na nadorech TC-1/A9 jak in vitro tak in vivo u¢inkem
5AC [Simova et al., 2011]. Tyto vysledky ovéfily mozné obnoveni exprese MHC | u¢inkem
epigenetickych agens, které uvetejnil v roce 2001 Serrano et al. a Nie et al. Exprese MHC |
korelovala s trovni demetylace promotorii a s expresi gend antigen prezentujici maSinérie
(TAP1, TAP2, LMP2, LMP7 a TAPBP). 5-azacytidin (5AC) také zvysil expresi komponent
signaliza¢ni drahy IFNy jako STAT -1, IRF-1, a IRF-8 coz naznacuje tcast IFNy na regulaci
exprese MHC 1 a potazmo na mechanismu imunitni odpovédi [Pollakova et al.,
nepublikovano]. 5AC a 5-aza-2"-deoxycytidin byly jako inhibitory DNMT schvéaleny pro
1é¢bu nékterych myelodisplastickych syndromt [Mai a Altucci, 2009]. V naSi préci jsme
ukazali, Ze chemoterapie 5AC obnovila expresi antigen prezentujici maSinérie MHC | a
zvysila citlivost nadort k imunoterapii CpG ODN nebo buné¢nou vakcinou produkujici
IL-12. In vivo depleéni experimenty prokdzaly roli NK 1.1" bun&k b&hem kombinované
terapie. V predchazejicich studiich byla prokazano, ze NK 1.17 buiiky jsou schopné
kontrolovat rust parentalnich MHC I-pozitivnich nadord TC-1 [Simova et al., 2004]. Data
dokumentuji roli ptfirozené imunity, ktera neni zavisla na statusu MHC | neoplasii. Zavislost
terapeutického efektu 5AC na CD8" buiikach nebyla pozorovéana, avsak aditivni efekt
kombinované terapie 5AC s CpG ODN 1826 byl narusen depleci CD8" bungk, coz dokazuje
indukci mechanismii zavislych na CD8" buiikach v protektivni imunitni odpovédi.

Imunomodula¢ni ucCinky epigenetickych modifikdtori mohou byt zpusobené
ovlivnénim i ostatnich sloZek imunitniho systému a které nemohou byt monitorovany inhibici
rastu nador nebo deple¢nimi studiemi. Proto jsme testovali efekty SAC na vybrané populace
imunocyti V naSem experimentdlnim uspotfadani. Celkovy pocet slezinnych bunék 1y{FN
produkujicich splenocytti byl snizen po chemoterapii SAC, ale proliferacni kapacita a pomér
bunécnych populaci zistal shodny. SAC také nezménil mnozstvi aktivovanych T, B a NK
buné¢k indukovanych CpG ODN 1826.

V navazujici experimentalni ¢asti jsme se rozhodli sledovat efekt SAC a dalSiho
epigenetického modifikatoru (Trichostatinu A, TSA) na funkci DC se zaméfenim na jejich

maturaci. Efekt inhibitori DNMT na funkci DC neni dosud objasnén, ale bylo popsano, ze
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inhibitory HDAC byly schopné blokovat expresi kostimula¢nich molekul, produkci 1L-12
mysimi nebo lidskymi DC nebo blokovat Thl odpovéd indukovanou DC [Bode et al., 2007
Nencioni et al., 2007; Brogdon et al., 2007]. Uvedena data jsou v souladu s naSimi vysledky,
5AC i TSA v naSich experimentech také blokoval produkci IL-12 zralymi DC. Navic,
inkubace DC s TSA snizila mnozstvi povrchovych MHC a kostimula¢nich molekul (CDA40,
CD80 a CD86). Koncentrace a doba kultivace s inhibitory byla vybrana tak, aby
maximalizovala biologicky uéinek a snizila pfimou toxicitu inhibitord. Zadny uéinek na
zivotaschopnost DC nebyl pozorovan MTT testem nebo barvenim trypanovou modii.
Epigenetickd agens blokovala proliferaci a vytézek DC, ktery dosahoval pouze 50% hodnot
kontrolniho vzorku. Bylo popséano, ze SAC indukuje apoptézu a zastaveni bunécného cyklu
ve fazi sub-G1 v bunkach akutni myeloidni leukémie [Hollenbach et al., 2010] a efekt na DC
by mohl byt podobny, kdyz vezmeme v tivahu vytézky DC a vysledky testl zivotaschopnosti.

ProtoZze 5AC musi byt inkorporovan do DNA pro inhibici DNMT [Christman 2002] a
je velmi labilni v roztoku [IARC 1990], spravné casovani experimentu je dilezité. DC jsou
kinetickym experimentim produkce IL-12 zralymi DC. Bylo zajimavé, ze ucinek TSA na
produkci IL-12 se projevil po 24h a byl rychlejsi v porovnani s 5AC, jehoz efekt byl patrny po
48h. Pomalejsi kinetika ucinku SAC by mohla byt vysvétlena nutnosti jeho inkorporace do
DNA pro inhibici DNMT [Christman 2002], coZz se miZe stit pouze jednou za bunécny
cyklus. U zralych DC oSetfenych epigenetickymi modifikatory poklesla exprese vetsi
podjednotky 1L-12 (IL-12p40). Exprese 1L-12p40 korelovala s extracelularni produkci IL-12
a exprese inducibilni IL-12p40 se zdala byt limitujicim faktorem pro produkci IL-12 v naSem
usporadani. Na rozdil od IL-12p40 hladina exprese IL-12p35 nebyla ovlivnéna pfitomnosti
epigenetickych modifikatorii. Produkce/ exprese dalSich dulezitych cytokini DC jako IL-6,
IL-10, IL-23p19, IFNy a TNFa byla také snizena a regulovana podobnym zptsobem jako IL-
12, coz by mohlo byt zajisténo sdilenym regulaénim mechanismem. Experimenty byly
provedené na mySich DC odvozenych z prekurzori kostni diené nebo lidskych DC
diferencovanych z monocyti. Pro maturaci DC byl pouzit CpG ODN 1826 nebo LPS.
Vysledky z lidského 1 mySiho sytému stimulovaného riznymi ligandy ukazuji, Ze ziskana data
nebyla specifickd pro urcity zivocisny druh ani pro jeden typ maturacniho stimulu.

Piestoze 5AC inhiboval produkci cytokint, DC osetiené 5AC nevykazovaly zadné
zmény ve schopnosti stimulovat specifické T lymfocyty ani polarizovat Th bunécnou
odpovéd’. TSA navic blokoval 1 expresi MHC a kostimula¢nich molekul (CD86 a CD40) na

povrchu maturovanych DC. Tento fenotyp byl asociovany se snizenou schopnosti stimulovat
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specifické CD4" i CD8" T buiiky. Maturované DC osetfené TSA a kokultivované se
splenocyty snizily expresi RORyt (transkripéniho faktoru typického pro Thl7 burky) a
zvysily expresi FoxP3 (transkripéniho faktoru typického pro Treg) v téchto kulturach, coz
naznacuje tolerogenni vlastnosti téchto DC a moznou indukci Treg. To odpovida vysledkiim,
které ukazuji, Zze farmakologicky modulované nebo nezralé DC mohou indukovat Treg nebo
tolerogenni signaly v jejich okoli [Cobbold et al., 2010].

Treg maji kritickou roli pii zajisténi imunologické tolerance. V prib&hu proti-
nadorové imunoterapie ale jejich pfitomnost muze byt kontraproduktivni. Proto jsme se v
dalSich experimentech zaméfili na depleci Treg pomoci protilatky proti CD25 (PC61) a jeji
mozny aditivni efekt na imunoterapii aktivujici NKT buiky aplikaci a-GalCer. Tento
pfedpoklad byl podporovan zavéry dvou studii. Peterson et al. ukazal potenciaci B16
protinadorové odpovédi pfi imunizaci DC pulsovanymi a-GalCer. Mimoto, pfimé podani a-
GalCer kombinovaného s protilatkou proti CD25 (PC61) zvysilo terapeuticky efekt a-GalCer
v metastatickém modelu 4T1 u BALB/c mysi. V nasem uspofadani jsme vSak nepozorovali
Zadny aditivni/ synergisticky efekt kombinované terapie a-GalCer s PC61. Jako mozné
vysvétleni nesrovnalosti vysledki od dvou zminénych studii by mohl byt rozdil v
experimentalnim uspotfadani, mySich kmenii nebo nadorovych linii. Zaméfili jsme se na
objasnéni, zda protilatka proti CD25 (PC61) interferuje se stimulaci NKT bunék. Pouzili jsme
DEREG kmen transgennich mysi, které exprimuji receptor pro difteria toxin pod FoxP3
promotorem a po aplikaci difteria toxinu je tak mozné specificky depletovat Treg [Lahl et al.,
2007]. Porovnanim vysledku ziskanych v DEREG modelu s vysledky ziskanych pomoci
PC61 protilatky jsme byly schopni rozliSit efekt specifické deplece Treg na aktivaci NKT
bun¢k od dalsich efektti PC61 protilatky. CD25 je mozné detekovat na povrchu aktivovanych
mysich i lidskych NKT bunkéach [Bessoles et al., 2008; Kim et al., 2006] a u mysi pfedstavuje
antigen rozpoznavany protildtkou PC61.PC61 protilatka se vazala pouze na malou
subpopulaci NKT bunék, kterd po stimulaci a-GalCer expandovala. Aktivace NKT bunék
bylo analyzovana 72h po aktivaci podle snizeni exprese aktivacniho znaku CD69 [lkarashi et
al., 2006]. Protilatka PC61 narusSila aktivaci NKT bunék, inhibovala proliferaci a produkci
IFNy aktivovanymi NKT buitkami. Tato data naznacuji, ze pouziti protilatky proti CD25 pii
depleci Treg miize byt kontroverzni a jeji ucinost je zavisla na konkrétnim lecebném postupu.

Nase vysledky ukazuji, ze peptidové vakciny ucinné proti MHC |-pozitivnim nadortim
nemusi byt G¢inné proti nadorim s defekty v prezentaci antigend na MHC | a dalSi
modifikace vakcin jako ptidani CD4 epitopu je zadouci. Mizeme shrnout, Ze potencialni

nespecifické ucinky SAC na imunitni systém zejména na DC neni piekdzkou pro efektivni
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kombinovanou 1é¢bu spolu s imunoterapi proti MHC I-pozitivnim 1 deficientnim nadortm.
Mimoto, nase data indikuji, ze epigenetické zmény hraji roli v _mnoha imunologicky
vyznamnych udalostech jako je maturace DC a proto je dulezité znat icinek chemoterapie i na
funkci dulezitych populaci leukocyti jako jsou pravé DC. Protoze chemo- nebo imunoterapie
muze indkovat negativni regulatory imunitni odpovédi jako jsou Treg, terapeuticka tcinnost
by mohla byt zvySena kombinaci 1éCebné intervence s anti-imunosupresivni 1é¢bou jako je
deplece Treg. Pouzitim protilatky proti CD25 (PC61) mohou byt depletovany Treg, ackoliv
nepiimy efekt jako naruseni aktivace NKT bun¢k byl pozorovan a dalSi moznosti pro
ovlivnéni imunoregula¢ni populace Treg jako aplikace nizkych davek cyklofosfamidu
[Motoyoshi et al., 2006] nebo 1-methyl-tryptophanu [Feunou et al., 2007; Chen et al., 2008]
by mély byt zvazeny.
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Z.aveér

Vysledky ziskané z projektd zahrnutych v této disertacni praci jsou dilezité pro
optimalizaci vakcina¢nich a kombinovanych chemo-imunoterapeutickych strategii beroucich
v Uvahu status MHC | na neoplasiich. Dokumentujeme, Ze epigenetické modifikatory mohou
obnovit expresi MHC | a tak mohou zviditelnit nadory pro imunitni systém. NaSe data
poskytuji dikaz, ze mimo zndmé cile epigenetickych agents nebo imunoregulacnich
protilatek, dalsi nespecifické nebo neptfimé aktivity by méli byt zvazeny béhem terapie. Z

vysledku vyplyva, ze:

e ucinnost peptidovych vakcin proti MHC I-deficientnim nadorim muze byt zvySena

pridanim CD4 epitopu nebo imunizaci dedritickymi bunikami pulsovanymi peptidy

e aplikace epigenetickych agents sensitizovala MHC I-deficientni nadory k imunoterapii
CpG ODN nebo IL-12 produkujici buné¢nou vakcinou, imunoterapeuticky efekt byl

N4 voowv v 7 + v .
alespon Castecné zprostiedkovan CD8" bunkami

e aplikace epigenetickych agents ovlivnila maturaci DC, hlavné byla snizena produkce
cytokinii (IL-6, IL-10, IL-12, IL-23, IFNy); TSA ale ne 5AC signifikantn€ sniZil
expresi kostimula¢nich molekul (CD40, CD86) a kapacitu maturovanych DC
stimulovat proliferaci CD4" a CD8" T lymfocyti.

e podani protilatky proti CD25 (PC61) pouZivané pro depleci Treg naruSilo aktivaci
NKT bun¢k
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