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2. Introduction

2.1. Immune system
The immune system is a host defence system present in higher organisms, comprising

many biological structures and processes within a host, which protects against
potential disease. Potential adversaries include pathogenic microorganisms such as
parasites, fungi, bacteria and viruses, which can damage or even Kkill the organism. In
addition, the organism is surrounded by environmental influences, which can lead to
pathogenic cell changes in the body. Usually these cell changes would lead to necrosis
or apoptosis, but in rare cases they can degenerate and lead to cancer. The

evolutionary outcome of these challenges led to development of the immune system
[1].

In general, a distinction is made between two basic mechanisms of immune defence.
The first mechanism is unspecific to the pathogen and only distinguishes between the
body's own invaders and foreign threats. In this case, we speak of the innate immune
system, which consists of anatomical and physiological protective mechanisms such
as the skin, saliva with antimicrobial enzymes, different pH values and body
temperature adaptation mechanisms. Furthermore, there are cell-based defence
mechanisms in the form of monocytes, macrophages, granulocytes, natural killer cells,
and dendritic cells. These use non-specific mechanisms against exogenous
pathogens, recruit cells of the adaptive immune system by means of chemokine and
cytokine secretion and present pathogen recognition features to the adaptive immune
cells, leading to the formation of specific defence mechanisms. This immune response
usually occurs after a few minutes and is the first hurdle for pathogenic invaders. The
second mechanism is pathogen-specific, requires considerably more time and is able
to form an immunological memory in order to react quickly and effectively to a renewed

pathogen attack [2].

Furthermore, the adaptive immune system can be divided into B lymphocytes, which
are responsible for humoral immunity, and T lymphocytes, which ensure the cell-
mediated immune response. They differentiate from the common lymphoid progenitor
cells and originate from the bone marrow. B cells evolve into mature B cells within the
bone marrow, while simultaneously T cells migrate to the thymus, where they
differentiate into mature T cells. Here they are selected across the tissue structure of

the thymus, first positively and then negatively with regard to their reactivity and finally
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develop into helper (CD4 positive) or cytotoxic (CD8 positive) T lymphocytes. After
maturation to CD4 positive and CD8 positive T lymphocytes (CD4 and CD8 T cells),
each T cell has an individual T cell receptor (TCR) capable of recognizing foreign
peptides presented via a major histocompatibility complex (MHC). Class Il MHC
(MHCII) is expressed by antigen-presenting cells (APCs) such as dendritic cells,
macrophages and B cells and presents endogenous or pathogen-related peptide
snippets. CD4 T cells are subsequently enabled to interact with the MHCII on APCs
via their CD4 receptor and the TCR and secrete cytokines that can induce or inhibit an
immune response - depending on the origin of the presented peptide. A distinction is
made between immunosupportive T helper cells and immunosuppressive regulatory
T cells. However, CD8 T cells are generally cytotoxic T lymphocytes and recognize
peptides presented by class | MHC (MHCI). MHCI is expressed on most cell surfaces
of the body and displays peptide components of the cell. Since virally infected cells
express viral peptides, these are also presented. The same applies to tumor cells that
express neoantigens due to somatic mutations. Thus, MHCI proves to be an important
recognition mechanism for viral infections and degenerated cells. Cytotoxic
T lymphocytes with the appropriate TCR subsequently recognize the foreign peptides
and eliminate the target cell by lysis via perforins and granzymes or induce apoptosis
with Fas Ligand (FasL) [3, 4].

2.2. Immunotherapy
Immunotherapy, which makes use of the body’s own immune system, is one of the
most potent therapies in the field of cancer treatment, so much so that it was
designated as a scientific breakthrough by Science magazine in 2013 [5]. Hundreds of
clinical trials from all over the world have demonstrated the relevance of
immunotherapy towards the promotion of clinical progress [6]. Its importance
immunotherapy was acknowledged by the awarding Nobel prize for physiology or
medicine in 2018 for the discovery of cytotoxic T lymphocyte-associated protein
(CTLA-4) and programmed cell death protein 1 / programmed cell death protein ligand
1 (PD-1/PDL-1) [7]. In general, cancer immunotherapies are categorized as immune
checkpoint inhibitors (ICIs), adoptive T cell therapies (ATT) and tumor vaccines [8, 9].
ICI therapy has shown convincing clinical effects in melanoma and non-small cell lung
cancer patients, but a large number still develop disease progression with these

therapies [10, 11]. For decades, tumor vaccines were tested by immunizing recipients



with tumor peptides or tumor antigen presenting APCs, without a significant positive
impact. Next-generation sequencing has revived the idea of tumor vaccination and the
personalized analysis of tumor mutations provides the possibility of targeted antigen
vaccination [12]. However, tumor vaccines often lack strong antigenic reactions, as
they are tumor-associated antigens (TAA) and specific T cells are therefore eliminated
in the host during maturation [13]. This might be an option for providing an additional
treatment choice using ATT, as pioneered by Rosenberg and his colleagues at the
National Institute of Health (Maryland, USA). Rosenberg established the idea of
isolating murine tumor-infiltrating lymphocytes (TILs) from biopsies, expanding them
and treating tumor-bearing mice with these tumor-derived lymphocytes [14]. One year
later, the extensive trial led to the first described effective treatment option for patients
with refractory metastatic melanoma [15]. This happened over 30 years ago — today,
there are three different T cell sources for ATT-treatment: TILs, as mentioned above,
T cell receptor- (TCR) engineered T cells with a TAA specific TCR and chimeric antigen
receptor- (CAR) T cells, which express an artificial receptor composed of a single-chain

variable fragment (svFv) and different co-stimulatory protein (Figure 1).
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Figure 1. Schema of different strategies for adoptive T cell therapy TIL = Tumor infiltrating lymphocytes; TCR =
T cell receptor; CAR = Chimeric antigen receptor. TILs were isolated from tumor biopsy, enriched by clonal
proliferation and tested by in vitro assays for their tumor reactivity (top arrow). TCRs and CARs are developed
using T cells isolated by apheresis. These cells are then transferred by viral transduction with a desired TCR or
CAR and subsequently expanded (middle arrow). Both TILS and TCRs or CARs are administered to a lymphocyte
depleted patient after successful expansion.
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2.2.1. Adoptive T cell therapy
As mentioned before, Rosenberg proved to be a pioneer in the field of ATT. For his
first approach, Rosenberg harvested murine TILs from MCA-105 sarcomas and
applied the first documented beneficial ATT of TILs, curing murine colon
adenocarcinoma [16]. Two years later, Rosenberg and his research group treated
patients suffering from metastatic melanoma with TIL ATT, combined with
Interleukin 2 (IL2) administration, and subsequently observed an objective regression
in 9 of 15 patients [15]. One year later, Gideon Gross developed the first CAR, starting
a ground breaking success story in the treatment of haematological malignancies [17].
However, for the next decade, this clinical approach remained exclusively for TIL.
Dudley et al. improved the ATT of TILs by administration of lymphodepletion before
TIL infusion, which offers more space for clonal expansion of tumor specific T cells
[18]. In parallel, the team of Michel Sadelain developed the first effective CAR T cell
(second generation) targeting prostate-specific membrane antigen (PSMA) [19]. In a
follow-up study, Renier Brentjens, a member of this team, demonstrated the successful
elimination of leukaemia in mice by human CD19-CAR T cells [20]. The first clinical
trial with a MART-1 melanoma antigen specific TCR was performed in 2006, revealing
a regression of metastatic melanoma in two patients and a durable engraftment of
adoptively transferred T cell in all treated patients [21]. It took four more years of
development until the first clinical trial to treat advanced B cell lymphoma with CD19
CAR T cells [22], followed by clinical studies against follicular lymphoma, large-cell
lymphomas, chronic lymphocyte leukaemia and acute lymphocyte leukaemia (ALL)
[23-26]. In parallel, a new TCR therapy with the freshly discovered new tumor antigen
— New York esophageal squamous cell carcinoma-1 (NY-ESO-1) was tested for the
treatment of synovial sarcoma, resulting in an objective response rate of 67% [27]. A
new benchmark of scientific pacing was established in 2012 by the research alliance
established between University of Pennsylvania, represented by the Coley Award
recipient Carl June, and the private sector investigating the CD19 CAR Prototype
CTLO19 [28]. As of today, one of the most significant milestones has been the approval
of the CTLO19 CAR by the U.S. Food and Drug Administration (FDA) for treating
children and young adults suffering from refractory ALL, which is now produced
commercially by Novartis as Tisagenlecleucel [29]. So far, there has been an abundant

number of clinical trials for TILs against cancer types other than melanoma [30],
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different tumor antigen specific TCRs [31-33] as well as for several CAR-T cell targets

[34], moving ATT to the next promising cancer treatment (Summarized in Figure 2).

First product of this
geneticaly alliance CTLO19 aka
First  €ngineered tisagenlecleucel
effective ~ TORT CART ,\
CAR-T against CcD19 rgsearch
targeted MART1  CARTfor  alianceof — FDA approved
CARTS  oainst Metastatic  chronic Uniof CD19 CAR-T
firstly PSMA Melanoma  jymphoid ~Pennsylvania for B cell
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L2 Lympho- CD19 CAR-T CD19 CAR-T Almost
addition to depletion for advanced for acute worldwide
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TCR-T for

NY-ESO-1

synovial
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Figure 2. A brief history of ATT. The scheme outlines key events in the development of ATT in the treatment of
cancer from 1988 to 2018. TIL = Tumor infiltrating lymphocytes; TCR =T cell receptor; CAR = Chimeric antigen
receptor. Adapted and added figure with information and idea from Jiang et al. 2019.

Each of these findings focused on CD8 T cells, but the impact of CD4 T cells in the
ATT for tumor patients did not go unnoticed. For example, it was shown that ATT with
CDA4 T cells was able to eradicate large established melanoma or B16 tumors in mice
[35, 36]. In light of this animal experimental research, clinical studies for anti-tumor
therapy with adoptively transferred CD4 T cells were carried out with promising results
[37-39]. Despite these promising findings, ATT remains challenging in both T cell

expansion, toxicity issues and successful response rates.

2.2.2. Toxicity and other pitfalls
Like any other form of treatment, ATT has its own limits and side effects. Beside the
beneficial impact of ATT with TILs, TCRs or CARs and their increasing potency,

limitations become evident. According to current data, TILs are listed as a safe
12



treatment method (as other forms of autologous cellular therapy without gene-editing)
and arising toxicity is predominantly caused by lymphodepleting preparative regimens,
which result in febrile neutropenia and pancytopenia [40-42]. However, these side
effects are associated with TCR and CAR T cell therapy as well [27, 43]. Further side
effects due to IL2 infusion can be controlled by means of supporting measures [44].
Despite the manageable side effects, TIL therapy occasionally fails due to
methodological hurdles. Because of a lacking availability of bioptic specimens, limited
TIL exhibition or failure to reach sufficient expansion of tumor specific T cells, clinical
cell expansion is not trivial and remains a general hurdle of ATT [45-47]. Still, ATT is a
feasible and effective way to treat melanoma with durable and complete cancer
regression, though further treated tumor entities (as ovarian, breast, colon, cervical,
sarcoma and renal tumor) showed only moderate clinical responses with TIL-based
ATT [48-52]. One well observed general side effect of ATT is cytokine release
syndrome (CRS), which is a non-antigen related toxicity occurring when widespread
inflammation is induced by T cells recognizing their antigens [53]. Although this could
also occur in TIL-based ATT, it has not yet been reported in clinical trials including
TILs. However, CRS has been reported as a common side effect for TCR and CAR
T cell treatment [54, 55].

Specific pitfalls for genetically engineered TCR T cells include reported cross-
reactivity. TCRs recognizing the target antigen, could potentially also bind similar
peptide structures expressed on host tissue, as described for MART-1 or MAGE-A3
[56, 57]. To address this problem an increasing focus has been placed on neoantigens
during the last five years. Neoantigens are tumor-specific antigens resulting from
somatic mutations; due to improved access to next-generation sequencing it is
becoming increasingly feasible to find personalized neoantigens exclusively in tumor
tissue and to generate corresponding TCR T cells [4]. Furthermore, TCR T cells are
MHC | restricted, hence only able to recognize peptide structures exhibited on MHC |
complexes. As a consequence, tumor cells that down-regulate the MHC complex can
no longer be recognized and eliminated by the TCR T cells, which is a well-known
escape mechanism [58]. For overcoming this escape mechanism, CAR T cells, which
recognize surface peptides, independent of the MHC complex, constitute a good
alternative. However, clinical trials with CD19 CARs showed an outgrowth of CD19-
negative tumor cells [59-61]. Unfortunately, the targeting of surface molecules leads to

a higher risk of “on-target, off-tumor” toxicity [62]. Nevertheless, this is not a pitfall
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exclusive to CAR T cell therapy as it also occurs in TCR T cells [63, 64]. In addition
neurotoxicity - as yet unexplained - with occasionally lethal outcomes has been
observed with CD19-specific CAR T cells [60]. Still, CAR T cell therapy remains a
potent treatment option for haematological malignancies (rightly received FDA
approval for a CD19-CAR). However, CAR T cells have as yet exhibited only a
negligible effect in the treatment of solid tumors [62] (The main side effects and hurdles

are summarized in Figure 3)
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Figure 3. Overview of main side effects and hurdles of ATT treatment TIL = Tumor infiltrating lymphocytes;
TCR =T cell receptor; CAR = Chimeric antigen receptor

2.2.2.1. Sufficient T cell expansion
In 1976, the first T cell-specific expansion was described, using a conditioned medium
obtained from phytohemagglutinin-stimulated human blood lymphocytes [65]. Over the
following years, it became clear that the growth factor IL2 was the main contributor in
the medium [66]. Rosenberg based his preparation and outgrowth of TILs out of tumor
biopsies on T cell culture with added IL2 [15]. The classic TIL expansion protocol
includes an outgrowth of TILs from tumor biopsies of about 6-8 weeks, followed by
REP, together with higher IL2 doses for 10-14 days [45]. This manufacturing protocol

often leads to a successful rate of T cell numbers, although not always. The prosperous
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growth of viable TILs achieved in the past clinical trials failed in a mean range of
7-38 %. In 2014, Svane et al. reported, that failure to expand (sufficient numbers of)
TILs for treatment makes up 30 % of the general dropout rate [45, 46, 67-69]. Even
though the total number of CAR T cells used for infusion varies between 108-10° only,
failure to manufacture adequate CD19-CAR T cell numbers is reported for 6-24 %,
something especially observed in older patients or those in which heavily pre-treated
diffuse large B cell lymphoma (DLBCL) is present [70-72]. Clinical trials with TCR T cell
products have not explicitly described expansion dropouts so far, but an appropriate
cell count seems to be crucial [73]. In a study with MART-1-specific TCR T cells, the
average expanded amount of cells within the 6 (out of 20) patients who demonstrated
a partial tumor response was 2.15 x 1019, whereas the range of expanded T cells was
3.8-48 x 10°[64, 73]. Similar discrepancies between the achieved individual cell count
and the higher mean cell count of successfully treated patients can be found in the
treatment with NY-ESO-1 specific TCR transduced T cells [27, 73]. For gene modified
T cells like TCRs and CARs, only the long procedure of outgrowth is not needed, and
direct use of REP is possible (e.g. [26, 74, 75]). This short expansion period is crucial
due to expansive clinical grade manufacturing costs and the guided differentiation to
the final effector phenotype [76, 77]. Several current studies show feasible T cell
culture with IL7 and IL15, deriving transduced TCR or CAR-T cells to a less
differentiated phenotype [78-80], though as of yet limited data on culture duration are
available. In addition, the short duration of T cell expansion prevents the option to
expand even more T cells when needed or to treat patients with a potential second
donor lymphocyte infusion, which has been shown to be beneficial [60]. The knowledge
gained on T cell differentiation and the homeostatic potential mediated by IL7/IL15
culture might give us the possibility to elucidate the T cell expansion even beyond two

weeks. However, improving T cell expansion for ATT remains a desirable goal.

2.2.2.2. “On-target, off-tumor”-toxicity
Prior to current ATT studies and therapies, the performance of allogeneic (non-self)
hematopoietic stem cell transplantation (allo-HSCT) had been a clinically common
practice, as continues to be the case [81]. Since 1997, it has become evident that
adoptive transferred allogeneic T cells within the transplant can induce complete
remission with chronic myeloid leukemia [82]. However, one major side effect of
allo-HSCT is graft-versus-host disease (GvHD), which develops when donor T cells

encounter host antigen and can become lethal, with strong immunopathology
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appearing in lymph nodes, bone marrow, lungs, skin, liver, brain and the
gastrointestinal tract [83]. Although the treatment with allo-HSCT and the prevention of
side effects have improved, GVvHD remains lethal and limits the application [84]. One
reason for the development of GvHD, despite genomic tissue typing and human
leucocyte antigen (HLA) accordance, is the genetic differences that lie outside the HLA

loci — referred to as minor histocompatibility antigens [85].

Now, in the course of emerging ATT treatments with specific expanded T cells against
viral infection [86-88] or tumor burden [18, 89] and based on evidence that the
likelihood of GVHD occurring is dramatically decreased this might be an option to avoid
GvHD burden without lacking graft-versus-tumor (GvT). Even so, there is no exclusive
MHC-linked antigen or surface molecule so far. This means that CAR or TCR T cells
also have cytotoxic effects against normal tissue that share the same epitope as the
aimed target cells, a phenomenon which is thus referred to as “off-tumor, on-target”
toxicity [63]. For TCR T cells targeting melanoma differentiation antigens such as
gp100 or MART-1, this is known to cause severe skin rash, ototoxicity and uveitis due
to expression of the mentioned antigens on normal tissues [64]. CAR T cells therapy
has shown similar toxicity [90, 91], whereas for CD19-CAR therapy, B cell aplasia is
one expected side effect and can be treated with intravenous immunoglobulin [23].
Developing strategies to improve safety of TCR or CAR T cell therapy is still a
challenging field and needs further investigation.

2.2.3.BLITC-mouse as model system

Recently, our research group published a dual-luciferase reporter mouse, called
bioluminescence imaging of T cells (BLITC) [92]. The reporter system consists of a
constitutive Renilla luciferase (RIuc), which enables the observation of the process of
migration and expansion of the isolated T cells, and a nuclear factor activated T cells
dependent click beetle luciferase (NFAT-CBR). This enables us to observe specific
T cell activation (Figure 4). The system was transferred into two tumor models which
were both used for this work.
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Figure 4. Schema of contained gene constructs of the dual-luciferase reporter BLITC-mouse. On the left is the
NFAT-dependent ClickBeetleRed luciferase construct, consisting of four NFAT enhancer connected in a series.
The right side shows the constitutive Renilla luciferase construct consisting of one CAG promoter and the
luciferase, which leads to a constitutive expression.

In order to obtain an appropriate mouse model for clinical questions, we utilized the
well-described minor histocompatibility antigen H-Y transplantation model [93]. This
model was chosen because it is MHC-restricted and endogenous to mimic non-artificial
TCR ATT and has been involved in clinically significant graft-versus-tumor- (GvT) and
GvHD-effects/’on-target, off-tumor” toxicity [94, 95]. Therefore, BLITC mice were
cross-bred with H-Y TCR-transgenic Marilyn (ML) mice that generate CD4 T cells and
MataHari (MH) mice that generate CD8 T cells, to obtain TCR-transgenic reporter mice
called ML-BLITC and MH-BLITC [92, 96, 97]. This H-Y related model involves two
different approaches: Firstly, transferring H-Y TCR-transgenic T cells into male
recipients with ubiquitous H-Y expression on male tissue, enabling us to imitate a
strong “on-target, off-tumor” toxicity. Adding an H-Y tumor to the recipients allows to
sound out the balance between “on-target, off-tumor” toxicity and GvT. Secondly, using
female tumor bearing recipients mimics tumor specific TCR ATT in order to investigate

optimisation possibilities without “on-target, off-tumor” toxicity.

Performing typical genetical engineering as is customary in the clinic required the
selection of an appropriate model. For this reason, the well-known simian virus 40
(SV40) large tumor antigen (Tag)-driven tumor model was used [98, 99]. With TAgQ-
specific TCR (TCR-I) retrovirally transduced WT-BLITC CD8 T cells were processed
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as needed and followed by ATT into TAg-positive tumor (200.09ALuc) bearing mice
[92] (Figure 5).

Combining the BLITC reporter system with these 2 antigen encounter models enables

investigation of different treatment approaches for ameliorating ATT.
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Figure 5. Schema of utilized mouse models in order to analyze and treat “on-target, off-tumor” toxicity
(OnOtT), graft-versus-tumor (GvT) or to attenuate GVHD while maintaining GvT. T cells from female ML-BLITC
mice lead to OnOtT in male recipients, but can also achieve GvT in HY-tumor bearing (male or female). T cells
from female MH-BLITC mice are used to investigate GvT. WT-BLITC CD8T cells (female and male) were retrovirally
transduced with TAg-specific TCR (TCR-1) and used for investigation of GvT in TAg-tumor bearing mice.

2.3. Integrins as target for lymphocyte blocking
Integrins are heterodimeric transmembrane adhesion receptors found on all nucleated
cells. In their cell-cell adhesion and also bidirectional signalling across the cell
membrane, they mediate the regulation of cell proliferation, migration, activation and
homeostasis [100]. Consisting of two different receptor peptides divided into a- and -
subunit, 18 a- and 8 B-subunits yield a total of 24 possible and currently known
integrins in vertebrates [100, 101]. The importance of several integrins has become

evident in mice experiments lacking different subunits. Knockout of the a4 subunit
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shows impaired cardiac development and a6 knockout mice develop severe skin
lesions [102, 103]. Alongside their crucial role in organ development, they have been
described as being involved in the process of cancer development, wound healing and
immune responses against infection and autoimmune disease. To date there have
been reports on 12 integrins, which are expressed in several types of leucocytes
(summarized in [104]). Demonstrating this immunological impact, the targeting of
specific integrins promotes a new potential as therapeutic option. For instance, the
antibody targeting alL-subunit has turned out to be effective in the treatment of plaque
psoriasis [105] and the low-molecular weight tetrahydroisoquinoline antagonist of aL32
has been shown to block the T cell invasion of the conjunctiva and suppresses local
inflammation [106]. Raab-Westpahl et al. has described further treatment options,

targeting integrins, while this work continues to address the blocking of a437 [107].

2.3.1. Lymphocyte Peyer’s patch adhesion molecule (LPAM-1)

The integrin a4p7 was first introduced in 1989. At this time, it was only known as
activated lymphocyte Peyer’s patch adhesion molecule (LPAM-1), which serves as a
homing receptor to the mucosal site [108, 109]. Further studies established that
LPAM-1 consists of two subunits as o437 integrin and specifically binds Mucosal
Addressin Cell Adhesion Molecule-1 (MAdCAM-1) which is exclusively present on
intestinal endothelial cells of high endothelial venules [110] (Figure 6). Hamann et al.
demonstrated, that LPAM-1 plays a key role in murine lymphocyte migration to the
mucosal site [111]. A subsequent study by Erle et al. showed that LPAM-1 is expressed
on human lymphocytes (T and B cells, NK cells), stimulated monocytes macrophages
and eosinophils [112]. LPAM-1 has become interesting as a relevant homing molecule
for two reasons: Firstly, it has been shown that LPAM-1 is important for T cell invasion
into the gut that induces GvHD in mice. Secondly, both an allogeneic bone marrow
transplantation model with LPAM-1 depleted donor T cells, and allo-HSCT with 37
knockout mice, demonstrated less GvHD [113, 114]. In clinical practice it is a well-
known fact that the gut is a significant GvHD target [115]. Hence, using the blocking
antibody against LPAM-1, could prove to be a promising technique for the future, as
will be further explained in the following.
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Figure 6. Schema of lymphocyte rolling and adhesion process on mucosal endothelial cells. Migration of T cells
to the target tissue occurs in several steps. Chemokines are often used to guide cells to the target tissue by a
gradient. First, the cells slow down and roll due to selectins. Afterwards, down-stream activation takes place,
which can be triggered by chemokine receptors, and integrins are activated. Activated integrins are used for
adhesion. The cells then migrate into the tissue. The LPAM-1 integrin-blocking antibody is intended to prevent
the strong adhesion of the cell to the mesenteric tissue.

2.3.2. LPAM-1 antibody
In order to investigate the homing role of LPAM-1, Hamann et al. developed a blocking
antibody against murine LPAM-1 in the hybridoma clone DATK32 [111], following work
from Andrew et al. and Katayama et al. that demonstrated in different experiments the

binding and blocking potential of DATK32 [116, 117]. The first clinical approach was
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the humanization of DATK32 and application within a chronic colitis mouse model
[118]. In parallel the development of an antibody effective against the a4 subunit
moved forward and targeted encephalomyelitis and multiple sclerosis (MS) as
treatment indication by blocking o431 and a4f37 [119, 120]. The resulting clinical
antibody Natalizumab was approved by the FDA for MS and Crohn'’s disease, but
showed progressive multifocal leukoencephalopathy (PML) as a severe side effect
[121, 122]. On the other hand, Vedolizumab, an antibody against human o437, was
established in clinical practice. This antagonistically binds specific human LPAM-1 and
thereby inhibits the migration of T cells into intestinal tissue, which did not show severe
side effects as Natalizumab. FDA-approval was given for the treatment of Crohn’s
disease and ulcerative colitis in 2014 [123-125]. Furthermore, the first clinical trial with
Vedolizumab in six steroid-refractory intestinal GvHD patients showed promising
clinical responses [126]. It might be of interest to target LPAM-1 in order to block T cell
homing to gut after ATT, leading to less GvHD or “on-target, off-tumor” toxicity and

potentially promoting GvT retaining more donor T cells in circulation.

2.4. T cell culture and their cytokines
As mentioned above, the implementation of isolated T cell culture took place more than
40 years ago. It involves adding the growth factor IL2 into culture media [65, 66]. The
isolation and expansion of TILs was established by Rosenberg et al. and to this day
T cells of all ATT types are expanded for therapies and clinical trials via expansion with
IL2 [15, 26, 74, 127]. In recent years, though, it has become apparent that T cell culture
with IL2 promotes terminal effector differentiation [76, 77, 128]. This is accompanied
by lower potential of self-renewal and engraftment potential in vivo [129-131]. With the
establishment of a preceding lymphodepletion for ATT, both treatment response and
persistence improved [18, 34]. Gattinoni et al. determined that one reason for the ATT
enhancement was a cellular sink, which provided more space for T cell expansion and
fewer cells intercepting homeostatic cytokines like IL7 and IL15 [132]. Based on these
findings, a variety of investigations were performed to analyze the potential of priming
T cells even before T cell infusion. Using IL15 instead of IL2 promotes a T cell
phenotype described as central memory T cells (Tcm), whereas IL2 culture leads to
an effector memory T cell (Tem) phenotype [133]. Studies by Cieri, Zoon and Cha et
al. compared T cell development by IL2 to IL7/IL15 culture. For IL7/IL15, they

demonstrated a tendency towards Tcm cells with high self-renewal potential and anti-
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tumor capacity, whereby IL2 culture promotes a more effector T cell-like phenotype
lacking anti-tumor elimination potential [78, 134, 135]. In 2011, the option of treating
tumor bearing mice with different cytokines such as IL7, IL15 and IL21 after ATT was
introduced by Klebanoff et al., showing a dose-dependent beneficial anti-tumor effect
mediated by adoptively transferred CD8 T cells [136]. The promoting impact of IL7/IL15
T cell culture towards Tcm left Gomez-Eerland et al. to establish the first clinical trial
protocol in which IL7/IL15 was applied for a transgenic TCR T cell product [137]. This
was confirmed in relation to human CAR T cells in vitro and with T cell samples from
ALL patients [72, 138]. The achievement of striking Tcm populations via IL7/15 culture
is one way to enhance a desired T cell product. Another way is to affect development
and differentiation pathways via small molecular weight compounds such as glycogen
synthase kinase 3 beta (GSK3) inhibitor TWS119 or Delta-like 1 protein (DL1), which
promote the generation of Tcm / stem Tcm (Tscm) with improved ATT properties [139-
142]. Although there has been a lot of research investigating the effects of Tcm/Tscm
cells and their cultivation, there is still potential for improvement regarding efficacy of

expansion and functionality.

2.4.1. Interleukin 7
The discovery of Interleukin 7 (IL7), which has been categorized as member of the IL2
superfamily, was made over 30 years ago [143, 144]. The associated IL7 receptor is a
heterodimer and consists of IL-7Ra, which is also part of the thymic stromal
lymphopoietin (TSLP) receptor, and the common y chain, which is shared by the
receptors for IL2, IL4, IL9, IL15 and IL21 [145, 146]. The IL7 receptor is expressed on
CD4 and CDS8 T cells, for instance, and plays a major role for homeostasis of T cells
[147]. It has also been shown, that IL7 has a crucial role in T cell development, as
patients with congenital immunodeficiency lacking IL7 receptor do not have T cells, but
still B cells, unlike mice [148, 149]. For IL7 it is well-known that human IL7 is functional
in both the human and the murine environment, and vice versa [150, 151]. The down-
stream signalling caused by IL7 receptor binding leads to phosphorylation of JAK1 and
JAKS3, which further activate signal transducers and transcription activators (STAT1,
STAT3 and STAT5) [152, 153]. Another important cross-talk pathway arising from IL7
binding, is the PI3K-Akt pathway, which is associated with several signal transduction

networks regulating cell survival [154]. Additionally, IL7 promotes anti-apoptotic signals
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like Mcl-1 and Bcl-2 and retains telomerase length in T cells [155, 156]. It can thus be

concluded that IL7 seems to play an essential role as T cell survival factor [157].

2.4.2. Interleukin 15
In 1994, two different teams discovered the growth factor Interleukin 15 (IL15) [158,
159]. Like IL7, IL15 belongs to the four a-helix bundle family and as with IL7 receptor,
the heterodimeric IL15 receptor also shares the common y chain [160]. The second
receptor branch is the B chain and is shared with the IL2 receptor [161]. Additionally,
the IL15 receptor complex has a unique a subunit (IL15Ra) [162]. IL15Ra usually
appears as membrane-bound trans-presenting IL15, forming an immunological
synapse [163]. This is believed to be in order to limit exposure to circulating IL15,
restricting aberrant immune stimulation and decreasing the risk of autoimmunity from
uncontrolled IL-15 exposure [164]. However, the soluble cis-presenting IL15-IL15Ra
complex can also trigger the IL15 receptor signaling cascade [165]. Similar to the signal
transduction of IL7, IL15 receptor signaling induces activation of JAK1, JAK3 and
subsequently STAT3 and STAT5S with further activation of the PI3K-Akt pathway [157].
Although the similar signal cascade, IL7 or IL15 knockout mice show different
phenotypes with a T cell (and B cell, natural killer (NK) cell, NKT cell and intraepithelial
lymphocytes (IEL)) deficiency in IL7 knockout mice or a specific lack of memory CD8
T cells (and NK cells and IELS) in IL15 knockout mice [166, 167]. On the other hand, it
has been shown that administration of IL15 leads to a robust expansion of memory
CD8 T cells in vivo [168, 169]. For memory CD4 T cells, similar results were
demonstrated by observation of reduced antigen specific memory CD4 T cells in IL15
knockout mice [170]. This underlines the characteristics as a survival factor for IL7 and

growth factor for IL15.

2.4.3. Interleukin 27
IL27 is a heterodimeric cytokine, consisting of the p28 and Epstein-Barr virus inducible
protein 3 (EBI3) subunits. It belongs to the cytokine family of IL6 and IL12 and shares
the same heterodimeric receptor [171]. Stimulation of IL27 has been shown to arouse
different complexes of STAT1 and STATS3, which in turn has shown that the ability to
activate both transcription factors, regulates diverse lymphocyte-based functions [172,
173]. Pflanz et al. discovered IL27 and described a mediated Interferon y (IFNy)
expression of naive CD4 T cells [174]. Additionally, it has been shown to be required
during viral infection to maintain CD4 T cell persistence [175, 176]. For CD8 T cells, it
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is reported to promote granzyme secretion in vitro [177] and human CD8 T cells
showed enhanced proliferation and effector function [178]. Interestingly, 1L27
demonstrated also enriched CD8 Tcm cells following subunit vaccination or tumor
challenge [179, 180], but not vaccinia virus vaccination, while influenza virus-specific
CD8 Tcm cells seem to even lose responsiveness to IL-27 [181]. Moreover,
enhancement of CD8 functionality against cancer by IL27 was observed [182, 183];
whereas detailed gene analysis attributed induction of an inhibitory gene program in
CD8 T cells to IL27 [184]. This contradictory data on IL27 illustrate how complex the
mechanism of IL27 function is and that this field needs more investigation.
Nevertheless, IL27 seems to be an attractive cytokine for T cell culture with the
potential to enhance effector function, maintain Tcm phenotype of T cells and it might

promote CD4 T cell expansion.
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2.5. Aim of the project
Allo-HSCT can cure hematological malignancies due to the GvT effect mediated by
alloreactive donor T cells [185]. The importance of transplanted T cells for cancer
control has emphasized the relevance of ATT. However, transplanted donor T cells
also tend to attack non-malignant host tissues as organ tissues feature, even if donor
and recipient are MHC-matched, differences in minor antigens causing GvHD. Similar
side effects could occur in ATT with gene modified T cell products because of arising
“on-target, off-tumor” toxicity that leads to similar damage on tissue with expression of

the same targeted antigen.

“On-target, off-tumor” toxicity and GvT are both impacted by the principal parameters
of the migration and activation of donor T cells. T cells act locally on target tissue by
secreting cytotoxic agents such as perforins and granzymes [186, 187] as well as
inflammatory cytokines like IFNy and tumor necrosis factor a (TNFa) [188-190]. T cells
have to migrate to the site of action to fulfilling their effector function. Whereas in the
microenvironment of solid tumors T cells are frequently found suppressed or lacking,
large amounts of infiltrating and activated T cells are found in organs with “on-target,

off-tumor” targets.

The aim of the thesis is to investigate the therapeutic potential of three approaches to
skew the immune response of donor T cells from “on-target, off-tumor” toxicity towards
tumor rejection. The fate of adoptively transferred T cells was monitored by our
bioluminescence-reporter system, which is suitable for the longitudinal visualization of

migration and activation of transferred T cells in vivo.

The first aim was selective inhibition of T cell migration into intestinal tissues by
targeting a4B7-integrin (LPAM-1). It has been suggested that circulation of adoptive
transferred CD4 T cells will increase by blocking migration into mucosal site and anchor
on tumor tissue. The LPAM-1 antibody is already FDA-approved and has clinical
relevance for Crohn’s disease, ulcerative colitis and most recently also for GvHD
treatment [123, 124, 126]. The mouse analogue demonstrated specific blocking
potential of LPAM-1 [111, 116]; thus the goal was to investigate the therapeutic
potential of LPAM-1 antibody in order to mitigate “on-target, off-tumor” toxicity within

the gut and maintain or improve GvT.
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The second aim was to modify the properties of adoptive transferred T cells by
a novel expansion condition. Previous work has shown that mainly naive T cells
cause GVHD [191]. Although there are contradictory data about Tcm causing GvHD,
it is certain that they induce less GvHD than naive T cells [191, 192]. Recent studies
may show that CD8 T cell culture with IL7/IL15 leads to a Tcm or Tscm cell phenotype
[78, 134, 135]. However, CD4 T cell culture has not been focused on. Culturing T cells
with IL27 has been demonstrated to promote CD8 Tcm development, to play an
important role in CD4 persistence in vivo, and to enhance granzyme secretion [175,
177, 179, 180, 193]. Hence it was of value to investigate IL27 in combination with
homeostatic cytokines such as IL7 and IL15 in order to obtain an optimized T cell

culture protocol feasible for ATT.

The third aim was to prolong the expansion of T cells while keeping them
functional and reactive for ATT. The current duration of T cell expansion protocols
followed by transfusion of enriched T cell product is 10-14 days [45]. This duration is
intended to provide cost-efficiency and to avoid terminal differentiation of T cells [76,
77, 194]. However, several treatment dropouts occur due to insufficient T cell
expansion [69]. Using IL7/IL15 culture or a potential novel cytokine condition,
Tcm/Tscm cell phenotype is likely to be mediated, and elongated expansion might
increase the yield of desired T cell product, providing the option for a second donor
lymphocyte infusion. This option had to be analyzed in detail.

26



3. Material

3.1. Antibodies

Murine

Antigen Clone Fluorochrome Company
CD3 145-2C11 PerCP Cy5.5 Biolegend

145-2C11 No BD Bioscience

CD4 RM4-5 BV510 Biolegend
CD8 53-6.7 APC-Cy7 Biolegend
CD28 37.51 No BD Bioscience
CD44 IM7 PE-Cy7 Biolegend
CD62L MEL-14 APC Biolegend
LAG3 Co9B7W BV 421 Biolegend
TIM3 RMT3-23 PE-Cy7 Biolegend
PD1 HA2-7B1 PE Biolegend
CTLA-4 UC10-4B9 APC Biolegend
Granzyme A 368.5 PE Biolegend
Granzyme B GB11 Alexa Fluor 647 Biolegend
IFNy XMG1.2 APC Biolegend
TNFa MP6-XT22 BV510 Biolegend
IL10 JES5-16E3 PE-Cy7 Biolegend

IL2 JES6-5H4 PE Biolegend
Bcl-2 BCL/10C4 PE BD Biosciences
Sca-1 D7 Alexa Fluor 647 Biolegend
CD122 TM-BETA1 BD Horizon BD Biosciences
CXCRS3 CXCR3-173 APC Biolegend
CD16/CD32 93 No Biolegend
LPAM-1 DATK32 No DRFZ Facility
LPAM-1 DATK32 No BioXcell

VB7 TR310 FITC Biolegend
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Human

Antigen Clone Fluorochrome Company
CD3 UCHT1 Alexa Fluor 700 Biolegend
OKT3 No Miltenyi Biotec
CD4 RPA-T4 PerCP Cy5.5 Biolegend
CD8 RPA-T8 BV 650 Biolegend
CD28 15E8 No Miltenyi Biotec
CCRY FAB197F-100 FITC R&D Systems
CD45R0O UCHL1 BV510 Biolegend
CD45RA HI1100 BV650
LAG3 REA351 Vio Blue Miltenyi Biotec
TIM3 F38-2E2 APC Miltenyi Biotec
PD1 PD1.3.1.3 PE Miltenyi Biotec
IFNy 45-15 PE Vio770 Miltenyi Biotec
TNFa cA2 APC Vio770 Miltenyi Biotec
IL2 MQ1-17H12 BV 605 Biolegend
3.2. Buffer

Buffer Ingredients
10 X PBS 10.588 mM KH2PO4

1.5517 M NaCl

29.664 mM Na2HPOa4

(Gibco™; Cat. number: 70013032)
1 X PBA 1 X PBS

0,5 % BSA
MACS-Buffer 1 X PBA

2mM EDTA
10X Red Blood Cell 89.9 g NH4ClI
Lysis Buffer (1 L) 10 g KHCOs

370 mg tetrasodium

EDTA

pH 7.3

3.3. Caell culture media

Media name

Media basis

Additives

cDMEM

DMEM, High Glucose

GlutaMAX™ (Thermo Fisher

10 % FCS
1 mM sodium pyruvate
100 mM MEM nonessential aa
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Scientific; Cat. number: 5 mM HEPES
10566016) 100 U/mL penicillin
100 mg/mL streptamycin
RPMI + RPMI 1640 Medium (Thermo 10 % FCS
Fisher Scientific; Cat. number: 100 U/mL penicillin
11875093) 100 mg/mL streptomycin
RPMI Dox RPMI 1640 Medium (Thermo RPMI +
Fisher Scientific; Cat. number: 0.5 ug/mL Doxycyclin (Dox)
11875093)
T cell media | RPMI 1640 Medium (Thermo 10 % FCS
(TCM) Fisher Scientific; Cat. number: 1 mM sodium pyruvate
11875093) 100 mM MEM nonessential aa

50 mmol/L B-Mercaptoethanol
2 mmol/L L-glutamine

100 U/mL penicillin

100 mg/mL streptamycin

Plat-E Media DMEM, High Glucose
GlutaMAX™ (Thermo Fisher
Scientific; Cat. number:
10566016)

3.4. Celllines
DATK32-hybridoma (ATCC)

TK-1 (Alf Hamann, DRFZ, Berlin)

e Plat-E (ATCC)

e 200.09ALuc (Martin Szyska)

e MBA49 (Tomas Blankenstein, MDC, Berlin)
e WR21 (ATCC)

3.5. Chemicals

10 % FCS

1 mM sodium pyruvate

100 mM MEM nonessential aa
5 mM HEPES

100 U/mL penicillin

100 mg/mL streptamycin

10 pg/mL Blasticidin

1 pg/mL Puromycin

Chemical Company Order number
2 99.5 % Ph. Eur., reinst EtOH Carl-Roth 5054.4
2-Propanol, 2 99.5 % Carl-Roth 9866.5
50 X TAE (Rotiphorese) Carl-Roth CL86.1
Agar Carl-Roth 2266.3
Annexin V APC Biolegend 640920
Annexin V Binding Buffer Biolegend 422201
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Biocoll Merck (Biochrom) L6113
Blasticidin Thermo Fisher Scientific R210-01

BSA Merck (Sigma-Aldrich) B6768-500G
CFSE Merck (Sigma-Aldrich) 21888-25MG-F
Chemical Company Cat. number
Coelenterazin Biosynth C-7002

DAPI Thermo Fisher Scientific D1306
D-luciferin P.J.K. 102132
DMSO Carl-Roth 4720.2
Doxycyclin AppliChem A2951.0025
EDTA Merck (Sigma-Aldrich) E5391-250G
FCS Gibco 10500-064
Fixation buffer Biolegend 420801

IL15 Peptrotech 200-15

IL2 Peptrotech 200-02

IL27 Peptrotech 200-38

IL7 Peptrotech 217-17
Isofluran A3Apotheke (Baxter) 7253744
KH2PO4 Merck (Sigma-Aldrich) P5655-500G
KHCOs Merck (Sigma-Aldrich) 237205-500G
L-glutamine Merck (Sigma-Aldrich) G7513-100ML
LPS (Escherichia coli O55:B5) Merck (Sigma-Aldrich) L6529-1MG
Matrigel BD Biosciences 356234

MEM nonessential aa Merck (Sigma-Aldrich) M7145

NacCl Merck (Sigma-Aldrich) S3014-1KG
NH4Cl Merck (Sigma-Aldrich) A8434-500G
Penicillin-streptamycin Merck (Sigma-Aldrich) P4333-100ML
Permeabilization buffer Biolegend 421002
Puromycin Thermo Fisher Scientific A1113803
Retronectin Takara (Clonetech) T100A
sodium pyruvate Merck (Sigma-Aldrich) S8636-100ML
TransIT-LT1 Transfection MoBiTec MIR2300

Reagent
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Tripsin-EDTA Gibco R-001-100

TRIzol™ Thermo Fisher Scientific 15596018

B-Mercaptoethanol Gibco 21985-023
3.6. Kits

RNeasy Mini Kit (QIAGEN)

Granzyme B Mouse uncoated ELISA Kit (Thermo Fisher Scientific)

CD4+ and CD8+ isolation kit (Miltenyi Biotec)

3.7. Enzymes
e SuperScript™ |l Reverse Transcriptase (#18064014; Thermo Fisher Scientific)

Phusion® High-Fidelity DNA Polymerase (#M0530L; NEB)

3.8. Primer
UTY forward 5' GCTCACTTATATGAAACCCAGAGGAA 3¢
reverse 5 CATATTATGGTGCATCCAACCTAACT 3
DBY forward 5' CAATAGCAGCCGAAGTAGTGGTAGT 3°
reverse 5' AACTGCCTGGGAGTTATAATTTCCT 3¢
HPRT forward 5 CAACGTAGGAGGACCCTTTAATGC 3
reverse 5 CCACAGGACTAGAACACCTGCTAA 3

3.9. DNA vectors
Gratefully provided by Thomas Blankenstein: pMP71-TCR-1

3.10. Mice
e Albino B6 (C57BL/6(Cg)-Tyrc-2J)

e Albino Rag knockout (albino RagKO; B6129S6-Rag2tml1Fwa N12-Tyrc-2J)
e Matahari-BLITC (MataHari-TCR**Rag2”"NFAT-CBR**Rluc**)
e Marilyn-BLITC (Marilyn-TCR**Ragl”NFAT-CBR**Rluc*’*)

3.11. Devices
e Cell sorting by FACS Aria Il or Aria Il (BD Biosciences)

e Flow cytometry by FACS Canto Il (BD Biosciences) or CytoFLEX LX
(Beckman Coulter)

e Irradiation by RS 2000 Biological System (RADSOURCE)
e Spectrophotometry by NanoPhotometer TM P300 (IMPLEN)
e Bioluminescent imaging by Xenogen IVIS 200 (PerkinElmer)
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Gel documentation by EAGLE EYE Il (STRATAGENE)
PCR by peQSTAR 2xGradient (peQlab)

3.12. Software
e Living Image 5.0 (Caliper LifeSciences; Waltham)

e Prism 7 and 8 (GraphPad Software; La Jolla)

e Office 2011/2019 — Mac and Windows (Microsoft; Redmond)
e FlowJo 10 (now Becton, Dickinson & Company; Ashland)

e lllustrator, Photoshop, Reader (Adobe; Munich)

e Endnote X9 (Clarivate Analytics; London)

e BioRender.com (Toronto)

e Magellan 5 (Tecan Traiding AG; Switzerland)

e SoftMax Pro 5 (Molecular Devices; San Jose)
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4. Methods

4.1. Molecular biology methods

4.1.1. RNA isolation
Short-term and long-term expanded CD8 or CD4 T cells were sorted for CD44*CD62L"*
(>97%). T cells were centrifuged (400 g, 5 min) and resuspended in RLT buffer
(RNeasy Kit, QIAGEN), then stored at -80°C. After collection of all samples, further
RNA isolation steps with RNeasy Kit (QIAGEN) were performed according the
manufacturer’s instructions. RNA concentration and quality were measured by

spectrometry analysis with NanoPhotometer TM P300 (IMPLEN).

4.1.2. RNA isolation from tumor samples
Sacrificed mice with tumor outgrowth were dissected and the tumor tissue was

prepared and removed as completely as possible. The obtained tumor tissue was then
homogenized using pre-separation filters (30 ug; Miltenyi Biotec) and diluted with PBS
up to 1 mL. For RNA isolation, 500 uL were centrifuged (400 g, 5 min) and the obtained
cell pellet was resuspended in 500 yL TRIzol™ (Thermo Fisher Scientific). Further

isolation steps were performed according to the manufacturer’s protocol.

4.1.3. Reverse transcription PCR (RT-PCR)
To synthesis cDNA out of isolated RNA from tumor tissue, the RNA was reversed

transcribed using SuperScript™ Il Reverse Transcriptase (Thermo Fisher Scientific)

according to the manufacturer’s protocol.

4.1.4. Polymerase chain reaction (PCR)
Tumor cDNA was further amplified for gene analysis of DBY, UTY and HPRT. PCR

was prepared using Phusion® HF DNA Polymerase with following master mix:

10 ul Phusion® HF Mastermix
x ul H20
1 pl Primermix 10 uM (1:1 reverse vs. forward primer)
0,5 ug DNA
Specimens were then taken using the following PCR protocol:
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Step Temperature [°C] Time [s]

Heating lid 110° 120

Initial 98° 30

denaturation

Denaturation 98° 10

Annealing 58° 30 38 cycles
Elongation 72° 120

Final elongation 72° 600

Storage 10° 00

4.1.5. Agarose gels
The amplified DNA fragments were separated by size using 1% agarose gel. The

agarose gel was prepared with TAE and gel-electrophoresis was performed by 120 V

for 30 min.

4.1.6. RNA Sequencing
RNA samples were submitted to the BIH Genomic Facility (Berlin), where an RNA

library was generated by using the NEBNext Ultra™ Il Directional RNA Library Prep
Kit for lllumina® (NEB). lllumina sequencing was performed with NextSeg® 500/550
High Output Kit v2 (lllumina).

4.1.7. Bioinformatic Analysis
RNA-seq expression data were normalized and log-transformed as log2 (1+TPM)

(TPM: transcripts per million) for our own data and GSE80306 [195]. Microarray data
was downloaded from GEO using the R package GEOquery (v2.46.15) for GSE92381
[195], GSE61697 [196], GSE23321 [139], GSE93211 [140] and GSE80306 [195] or
directly extracted from cell files using the packages affy (v1.56), affydata (v1.26) and
limma (v.3.34.9) for GSE41909 [134] and GSE68003 [141], with rma background
correction, quantile normalization and avgdiff summarization. Datasets were
summarized over gene names, mapping mouse and human gene names onto each
other using orthologues from MGI (HOM_MouseHumanSequence.rpt), and then
combined after removing the bottom 5% of expressed genes, quantile normalization
and batch correction with respect to assay using ComBat (package sva, v3.26.0).
Clustering and PCA was performed using row z-scores for the gene set of Gattinoni et
al. [139]. Differential expression analysis was performed using DESeqg2 [197] and GO
term analysis with topGO (v2.30.1).
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4.2. Biochemical methods

4.2.1. Liquid chromatography-mass spectrometry (LCMS) analyses
Digestion buffer (8M urea, 75 mM NaCl, 50 mM Tris pH 8, 1 mM EDTA) was added to
the samples for 15 minutes at 4°C. Proteins were reduced with 5 mM dithiothreitol for
1h at 37°C and alkylated with 10 mM iodoacetamide for 45 minutes in the dark at room
temperature. Endopeptidase LysC (Wako, Japan) and sequence grade trypsin
(Promega) were added with an enzyme: substrate ratio of 1:50, and samples were
digested over-night at 37°C. Samples were acidified with formic acid (final

concentration 1%) and peptides were desalted using the StageTips protocol [198].

Peptides from 3 replicates for each antibody were measured on a Q Exactive HF-X
instrument (Thermo). 100 ng peptides were injected per sample and separated on a
20 cm reversed-phase column (ReproSil-Pur C18-AQ; Dr. Maisch GmbH) using a 60
min gradient with a 250 nL/min flow rate of increasing Buffer B concentration (from 2%
to 60%) on an easy nLC1200 High Performance Liquid Chromatography (HPLC)
system (ThermoScientific). The mass spectrometer was operated in the data
dependent mode with a 60K resolution, 3 x 108 ion count target and maximum injection
time 10 ms for the full scan, followed by top 20 MS2 scans with 15K resolution, 1 x 10°

ion count target and maximum injection time of 22ms.

Raw data were analyzed using the MaxQuant software (v1.5.2.8) as described [199].
The internal Andromeda search engine was used to search MS2 spectra against a
decoy UniProt database for rats (downloaded 05/2018) containing forward and reverse
sequences. The search included variable modifications of oxidation (M) and N-terminal
acetylation, deamidation (N and Q) and fixed modification of carbamidomethyl
cysteine. Minimal peptide length was set to 7 amino acids and a maximum of two
missed cleavages was allowed. The FDR was set to 0.01 for peptide and protein
identifications. Unique and razor peptides were considered for quantification. Retention

times were recalibrated based on the built-in nonlinear time-rescaling.
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4.3. Cell culture methods

4.3.1. Murine T cell culture
T cells harvested from the spleens of donor mice were enriched by using CD4 or CD8
isolation Kit (Miltenyi Biotec). T cells were cultured in T cell medium (TCM). For
activation, T cells were activated in vitro for 18 hours (Marilyn and MataHari mice) or
72 hours (albino B6 mice) in TCM plus IL2 (1 ng/mL; PeproTech) in 6-well or 24-well
culture plates coated over night at 4°C with anti-CD3/CD28 (anti-CD3 3 mg/mL;
anti-CD28 2 mg/mL). T cells were than expanded by using TCM containing
recombinant human IL15 (50 ng/mL) and recombinant human IL7 (10 ng/mL) or IL15
and recombinant human IL27 (50 ng/mL). The medium was refreshed every third or

fourth day.

4.3.2. Human T cell culture
PBMC were isolated by density gradient centrifugation (Biocoll; Merck) from fresh

heparinized blood samples from healthy donors. PBMC were stimulated in vitro for
72 hours in TCM plus recombinant human IL2 (1 ng/mL) in 6-well culture plates coated
over night at 4°C with anti-CD3/CD28 (3 mg/mL anti-CD3; 2 mg/mL anti-CD28).
Afterwards, T cells were expanded using TCM containing recombinant human
IL15 (50 ng/mL) and recombinant human IL27 (50 ng/mL) or recombinant human
IL7 (10 ng/mL). The medium was refreshed every third or fourth day.

4.3.3. Activation assay
T cells from cell culture were harvested and adjusted to 2e6 cells/mL. Cells were plated

(100 uL/well) into flat 96-well plates coated with anti-CD3/CD28 in the presence of
human IL2 (1 ng/mL) and Brefeldin A (10 pg/mL) and incubated for 4 hours on 37°C.
After activation cells were harvested and proceed by intracellular Flow Cytometry

Staining Protocol (Biolegend) for granzyme A and B or INFy (Biolegend).

4.3.4. Annexin/DAPI assay
Expanded T cells were harvested, adjusted, plated and re-stimulated as described in

section 4.3.3., but without Brefeldin A. After activation cells were harvested and surface
staining was performed, followed by Annexin V staining protocol (Biolegend) with
AnnexinV-APC and AnnexinV binding buffer. Before measurement via flow cytometry,
DAPI was added (final concentration 1 ng/mL DAPI).
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4.3.5.T cell inhibiting receptor (TIR) assay
ST and LT expanded T cells were harvested, adjusted, plated and re-stimulated as

described in section 4.3.4., but the utilized wells were previously coated with less anti-
CD3/CD28 (1 mg/mL anti-CD3; 0,66 mg/mL anti-CD28). The T cells rested for a period
of 10 days at 37°C. The medium was refreshed every third or fourth day. On day 10
T cells were harvested, and the surface stained with CD3, CD4, CD8, PD-1, LAG3 and
TIM3. Mean fluorescence intensity was measured via flow cytometry.

4.3.6. In vitro proliferation assay
Expanded T cells from albino B6 mice were adjusted to 1e6/mL and labelled with

10 pM CFSE (Sigma-Aldrich) for 10 minutes at room temperature. Afterwards, cells
were washed twice with TCM and then plated (1e5 cells/well) into flat 96-well plates
coated with anti-CD3/CD28 for 11 days. CFSE dilution was then measured by flow
cytometry.

4.4. Immunological methods

4.4.1. Flow cytometry
Surface staining was performed according to standard staining protocols and
recommended antibody diluents. Intracellular staining for IFNy, TNFa, IL2, IL10 and
Bcl-2 was done with fixation/permeabilization buffer (Biolegend), according to the
manufacturer’s instructions. To detect apoptosis, cells were stained by DAPI (Thermo
Fisher Scientific) and AnnexinV-APC using Annexin V Binding Buffer (Biolegend).
Samples were acquired on a FACS Canto Il (BD Biosciences) or CytoFLEX LX
(Beckman Coulter), and all analyses were performed using FlowJo software (Becton,

Dickinson & Company).

4.4.2. Cell sorting
Surface staining of splenocytes or expanded T cells was executed according Flow

cytometry (see section 4.4.1.). The subsequent cell sorting was performed using a
FACS Aria ll, Aria Ill or Aria F (BD Biosciences).

4.4.3. Enzyme-linked immunosorbent assay (ELISA)
T cells from cell culture were harvested and adjusted to 2e6 cells/mL. Cells were plated

(100 pL/well) into flat 96-well plates coated with anti-CD3/CD28 in the presence of

human IL2 (1 ng/mL) and incubated for 4 hours at 37°C. After activation supernatant

was harvested and stored at -20°C. Granzyme B secretion within supernatant was

analyzed with a granzyme B Mouse Uncoated ELISA Kit (Thermo Fisher Scientific),
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according to the manufacturer’s protocol. The final enzyme reaction was then stopped
with H2PO4 and light absorbance measured at 450 nm with Magellan 5 (Tecan
Trading). Granzyme B concentration was calculated with SoftMax Pro 5 (Molecular

Devices).

4.4.4. T cell transduction
The utilized retroviral vector pMP71-TCR-I that bears the alpha and beta-chain of a

TCR specific for the H-2DP (MHCI)-restricted epitope | of SV40-Tag, was built on the
pMP71 backbone (Engels, cam et al. 2003). The subsequent retroviruses were
produced by PlatE cells that were transfected with pMP71-TCR-I using TransIT (Mirus
Bio). Meanwhile, freshly isolated splenocytes from BLITC mice were enriched for CD8
T cells using a CD8 MACS isolation kit (Miltenyi Biotec) and activated as described in
section 4.3.1. Two days after transfection, activated CD8 T cells (5e5 cells/well) were
spinoculated on a RetroNectin® coated 24-well plate (coated with 20 pg/mL
RetroNectin over-night, 4°C) for 30 min at 32°C in PlatE supernatant containing
retroviral particles. After spinoculation the plate rested in the incubator (37°C) over a
period of three days. T cells were than washed and further expanded short-term or
long-term as described in section 4.3.1. until the day of ATT. ATT was performed with
ST or LT CD8 BLITC T cells sorted for VB7* TCR.

4.5. In vivo experimental methods

4.5.1. Bioluminescent imaging
For in vivo bioluminescence measurement, the IVIS 200 were used after mice were
anaesthetized with isoflurane (Baxter) in an XGI-8 anesthesia system (PerkinElmer).
3 minutes before Rluc acquisition, native coelenterazine (Biosynth) was dissolved in
10 uL DMSO, diluted in 100 mL PBS, and immediately injected iv into anaesthetized
mice (100 mg native coelenterazine per mouse). BLI acquisition was performed for
5 minutes at small binning. Bioluminescent data were acquired, analyzed, and
visualized using Living Image software (PerkinElmer). BLI quantification was
performed by digitally setting regions of interest (ROI) around abdomen region,

prospective or visible tumor areas and computing respective total flux values.

4.5.2. In vivo “on-target, off-tumor” toxicity treatment with LPAM-1
antibody
Freshly isolated splenocytes from Marilyn-BLITC mice were sorted for CD3*CD4*

(>97%) and injected intravenously into sublethally irradiated (tumor bearing) male
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albino RagKO mice. The treated group received a daily LPAM-1 antibody injection (iv)
over a period of 6 to 10 days. The control group obtained PBS injections. The “on-
target, off-tumor” toxicity was observed daily and evaluated by a score sheet rating fur,

posture, skin, activity/vitality and weight.

4.5.3. Lypopolysaccharide (LPS) injection
Freshly isolated splenocytes from Marilyn-BLITC mice were sorted for CD3*CD4*

(>97%) and injected intravenously into sublethally irradiated tumor bearing male albino
RagKO mice. Mice received a daily injection of LPAM-1 antibody (200 pg), LPAM-1
antibody plus LPS (0.5 pg) or LPS only. Evaluation of toxicity was performed as
described in section 4.5.2.

4.5.4. In vivo proliferation assay
To analyze in vivo proliferation, expanded T cells from female BLITC mice (MataHari

or albino B6) were sorted via FACS cell sort for CD44*CD62L* (>97%) and labeled
with CFSE as described in section 4.3.6. Labeled cells were then transferred into
male albino RagKO mice (1e6 cells/mouse). 3 and 10 days later, Rluc signals were

measured via bioluminescent imaging.

4.5.5. In vivo Kill
Expanded T cells from MataHari-BLITC mice were sorted for CD44*CD62L* (>97%)

and 1le6 cells per mouse injected intravenously into female albino RagKO. Male
splenocytes from albino B6 mice were used as targets and female splenocytes as an
internal negative control. Male and female splenocytes were labeled with CFSE at
10 MM and 1 mM, respectively. A 1:1 mixture of male and female splenocytes
(5e6 total cells/mouse) was injected into transplanted mice 2 hours after T cell transfer.
Spleens were harvested 20 hours after injection of target cells. Ratios between male
target (CFSEM9") and female target (CFSE'®%) were calculated for each sample (R).
The mean ratio measured in female albino RagKO without effector T cells was used
as a control (meanRc) to normalize samples. The killing percentage was obtained
using the formula: 100-100*(R/meanRc). Mean killing frequencies of control mice that
did not receive MataHari T cells were subtracted from killing frequencies of mice that
did receive ST and LT expanded MataHari T cells.

4.5.6. Tumor challenge
For tumor challenge, three different tumor cell lines were used, depending on

experimental setup: The urothelial carcinoma cell line MB49 [200], the TAg-expressing
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gastric carcinoma cell line Tag*200ALuc [92] or the male-derived submandibular
salivary gland carcinoma cell line WR21 [201]. MB49 and WR21 were grown in RPMI+;
Tag*200ALuc was grown in DMEM Dox. MB49 and WR21 cells were adjusted to
2e5 cells/mL, Tag*200ALuc were adjusted to 1e8 cells/mL in PBS, mixed 1:1 with
matrigel (BD Biosciences), and kept on ice until subcutaneous injection of 100 mL into
the hind flank of recipient mice using 1 mL insulin syringes (Omnican-Braun). The
tumor was set 10-13 days (WR21 and MB49) or 45 days (Tag*200ALuc) before ATT.

4.5.7. In vivo engraftment and persistence assay
Expanded T cells from BLITC mice or Matahari-BLITC mice were sorted for

CD44*CD62L" (>97%) and 1e6 cells per mouse injected intravenously into albino
RagKO mice. Matahari-BLITC cells were injected into male albino RagKO mice. Rluc
signals of transferred T cells were measured weekly for the first month, then monthly
by bioluminescent imaging. Mice were sacrificed after one month for engraftment
analysis or after 3 (CD4) or 6 months (CD8) for persistence analysis. Sacrificed mice
were dissected and inguinal, mesenteric, cervical lymph knots and spleen were
prepared and homogenised using pre-separation filters (30 um; Miltenyi Biotec). Cell
surface was stained with CD3, CD4, CD8, CD44 and CD62L antibodies in the presence
of Fc-blocking antibodies (anti-CD16/32). Quantification of T cell numbers in secondary

lymphoid organs was carried out using flow cytometry.

4.5.8. H-Y anti-tumor assay
Albino RagKO mice were challenged with MB49 or WR21 tumor as described in

section 4.5.6. After 10-13 days tumor was established. Animals bearing MB49 tumor
received intravenously 5e5 ST or LT expanded T cells from Marilyn BLITC mice, that
were sorted for CD44*CD62L* (>97%) on day of ATT. Animals bearing WR21 tumor
received intravenously ST and LT expanded T cells from Matahari BLITC mice as
described for above for Marilyn BLITC T cells. Mean tumor diameter was determined
every two days by calliper measurement and tumor size was calculated as

length * width * weight/2. Mice were killed if tumor volume reached 1500 mms.

4.5.9. SV40 anti-tumor assay
Albino RagKO mice were challenged with Tag*200ALuc as described in (tumor

challenge). After 45 days, tumor was established. Meanwhile T cells from BLITC mice
were transduced with TCR-| as described in section 4.4.4. and ST or LT expanded.

T cells were sorted for VB7* TCR (>97%) and injected intravenously into tumor bearing
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mice (1e5 cells/mouse). Mean tumor diameter was determined every two days by
calliper measurement and tumor size was calculated as length * width * weight/2. Mice

were killed if tumor volume reached 1500 mma3.

4.6. Statistics
Statistical analysis was performed using the two-tailed t-test for in vivo experiments

and two-tailed paired t-test for in vitro experiments. Analyses were carried out by
GraphPad Prism 7.0 software (GraphPad Software). P values < 0.05 were considered

statistically significant.

4.7. Figures
Figures were designed with PowerPoint (Microsoft) or under a paid subscription with

BioRender.com. Graphs and diagrams were created with Prism 8 (GraphPad). FACS

Dotplots were obtained using FlowJo 10 (Becton, Dickinson and Company).
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5. Results
5.1. Blocking the integrin LPAM-1

5.1.1. Selective inhibition of T cell migration into intestinal tissues by
targeting LPAM-1

T cells migrate into the gut via interaction of LPAM-1 (a437-integrin) with adhesion
molecules present on intestinal endothelial cells of high endothelial venules [113, 114].
The aim of this study was to investigate the therapeutic potential of the LPAM-1
antibody to mitigate gut “on-target, off-tumor” toxicity. During the period of this PhD
project, research was published showing that the humanized LPAM-1 antibody shows
amelioration in GvHD suffering patients [126]. However, investigation for the
therapeutic potential of LPAM-1 antibody regarding the balance between “on-target,
off-tumor” toxicity and GvT is still needed. Thus, the administration of LPAM-1 antibody
was carried out in tumor bearing mice (Figure 7). For this purpose, our transplantation
model consisting of T cell receptor (TCR) transgenic CD4 T cells specific for the minor
histocompatibility DBY antigen was used, which is exclusively expressed by all cells in
male individuals. Furthermore, the T cells transgenic for an NFAT (nuclear factor of
activated T cell)-inducible click-beetle luciferase and a renilla luciferase, in order to
allow their activation and migration in vivo to be detected simultaneously. These T cells
are called Marilyn(ML)-BLITC [92].
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Figure 7. Schema of the experimental setup. HY-tumor bearing mice receive HY-specific CD4 ML-BLITC T cells
after sublethal irradiation. After adoptive T cell transfer (ATT), the treated group received a daily injection of
LPAM-1 antibody. The mice developed symptoms of severe “on-target, off-tumor” toxicity during the period of
10-12 days, peaking between day 6-8. Toxicity scores were monitored each day.
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5.1.2. LPAM-1 antibody treatment diminishes GvHD burden correlating
with lower T cell expansion

First of all, the therapeutic potential of the LPAM-1 antibody was analyzed by provoking
GvHD in RagKO tumor-free mice. Thus, freshly isolated ML-BLITC cells were injected
intravenously (iv) into sublethally irradiated male RagKO mice (see section 4.4.2 and
4.5.2). The first group was treated with a daily dose of 200 ug LPAM-1 antibody over
a period of 6 days, whereas the second group received PBS only and the third group
served as irradiation control and did not receive T cells. During disease peak (which
took place between day 6 and 9 after ATT), less weight loss (Figure 8 A) and reduced
GvVHD score (Figure 8 B) were observed compared to the control group which received
PBS (see section 4.5.2). The BLI measurements of the abdominal region of interest
(ROI) showed signals indicating lower and delayed expansion of T cells in the LPAM-1
antibody treated group (Figure 8 C and D). These results demonstrate a diminished
“on-target, off-tumor” toxicity burden and reduced T cell expansion associated with the
LPAM-1 antibody treatment.
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Figure 8. LPAM-1 antibody treatment diminishes “on-target, off-tumor” toxicity compared to non-treated
mice. RagKO recipients received a sublethal irradiation followed by an ATT of 5e5 FACS sorted Marilyn cells. The
groups were treated daily with 200 ug LPAM-1 antibody (green) or PBS (black) over 6 days or left untreated
(gray). A) The graph shows weight loss after ATT over time; mean values + SEM. B) The graph shows toxicity
scores after ATT over time; mean values + SEM. C) Representative mice of the antibody treated and non-treated
group for day 6, 7, 8 and 9 after ATT. D) The graph shows total flux values of the abdomen after ATT over time;
mean values £+ SEM. Data were generated in 2 independent experiments with n = 3-4 mice. A two-tailed t-test
was performed.

5.1.3. LPAM-1 antibody treatment seems to redirect T cell migration to
the tumor site resulting in an increased anti-tumor response

Next, the potential of the LPAM-1 antibody was tested, with intent to support the anti-
tumor response, which is potentially induced by a reduced gut T cell infiltration and
higher intratumoral accumulation. For this purpose, MB49 tumor cells, expressing the
DBY antigen, were injected into male recipients. After 10 days, the male tumor-bearing
mice received naive ML-BLITC cells (see section 4.4.2, 4.5.6 and 4.5.8). For these

experiments, the treated subjects received daily LPAM-1 antibody injections over
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7 days. Subsequently, less weight loss (Figure 9 A) and a reduced GvHD score (Figure
9 B) for the treated group compared to the untreated group was observed, confirming
the impact of the LPAM-1 antibody at disease onset. Interestingly, in comparison, the
tumor growth in antibody treated mice turned out slower, but tumors relapsed three
days after antibody discontinuation (Figure 9 C). Also, a higher ML-BLITC/tumor cell
ratio in the tumor tissue of antibody treated mice ensued (Figure 9 D), indicating an
increased tumor infiltration (see section 4.4.1). In addition, higher BLI signals in the
tumor region of the antibody treated mice compared to control mice were observed
(Figure 9 E) (see section 4.5.1). This could be seen especially during the peak of “on-
target, off-tumor” toxicity on day 6 and 7 (Figure 9 F) supporting the FACS data. Mice
were sacrificed due to toxicity or tumor burden and T cell infiltration into lymph nodes
and tumor tissue was analyzed. The frequency of ML-BLITC cells in antibody-treated
mice was lower in mesenteric (mLN) and draining lymph nodes (dLN) in comparison
to the control mice (Figure 9 G). The infiltration into tumor inguinal lymph nodes (iLN)
was comparable in both groups (Figure 9 G). These results may support the hypothesis
that specific antibody blocking of the gut-homing integrin a4f7 reduces T cell
infiltration into the intestines, ameliorates “on-target, off-tumor” toxicity and results in
redirection of adoptively transferred T cells from the mLNSs to the tumor tissue, reducing

tumor burden in this minor mismatch model.
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Figure 9. “on-target, off-tumor” toxicity vs. GvT. RagKO recipients got a sublethal irradiation followed by an ATT
of 5e5 FACS sorted Marilyn cells. The groups were treated daily with 200 ug LPAM-1 antibody or PBS over 7 days.
The groups consisted of LPAM-1 -antibody (green), PBS (black,) and control (gray). A) Showing the weight loss
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after ATT over time; mean values + SEM. B) Showing toxicity scores after ATT over time; mean values = SEM. C)
Showing the tumor growth after ATT over time; mean values + SEM. D) Ratio of ML cell count and tumor cell
count within tumor tissue; mean values + SEM. E) Showing exemplary mice of the antibody treated and non-
treated group. The tumor tissue is encircled. F) Quantification of the flux values of the total abdomen and tumor
region. Showing the percentage of the tumor signal within the abdomen region. G) Showing lymphocyte
frequencies of inguinal, draining and mesenteric lymph nodes at day of death. Combined data were generated
in 2 independent experiments; adb7-antibody n = 6-10; PBS n = 2-7. A two-tailed t-test was performed.

5.1.4. Previous data were not reproducible with purchased LPAM-1
antibody

In order to analyse the pharmacokinetics of the LPAM-1 antibody, experiments with
higher antibody concentration were performed. In order to overcome delay of
experiments due to time-intensive self-production of the antibody (thankfully done by
the antibody-facility of the Deutsches Rheuma-Forschungszentrum, Berlin Germany),
the LPAM-1 antibody was purchased from BioXcell (West Lebanon USA). Self-
production and purchased antibodies were both produced from the same clone
DATK32.

Unfortunately, the previous data were not replicable with the purchased antibody.
Weight loss (Figure 10 A) and “on-target, off-tumor” toxicity (Figure 10 B) were not
ameliorated compared to the non-treated group, even with doubled concentration. All
animals suffered comparably from “on-target, off-tumor” toxicity, showed no tumoral
T cell infiltration indicated by a lack of signal in BLI measurements (Figure 10 C) and
consequently presented similar tumor outgrowth (Figure 10 D). These results were
comparable in two independent experiments. In summary, these findings contradict
the previous results, leading to the conclusion that there is a difference between the

self-produced and the purchased antibody.
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Figure 10. Previous “on-target, off-tumor” toxicity vs. GvT results were not reproducible with purchased LPAM-
1 antibody. RagKO recipients received a sublethal irradiation followed by an ATT of 5e5 FACS sorted Marilyn
cells. The groups were treated daily with 200 ug LPAM-1-antibody or PBS over a period of 10 days. LPAM-1-
antibody 200 pg (green), of LPAM-1- antibody 400 ug (dark green), PBS (black). A) The graph shows weight loss
after ATT over time; mean values + SEM. B) The graph shows toxicity scores after ATT over time; mean values
+ SEM. C) Exemplary Renilla luciferase signals of mice treated with antibody and non-treated group on day 7.
D) The graph shows the tumor growth after ATT over time; mean values + SEM. Data were generated in
2 independent experiments with n = 4-5 mice. A two-tailed t-test was performed.

5.1.5. Mass spectrometry analysis reveals same peptide constancy
between purchased and self-produced LPAM-1 antibody

In cooperation with Dr. Philipp Mertins

The missing effect of the purchased LPAM-1 antibody compared to the self-produced
equivalent may be due to different peptide sequences or composition. To investigate
the peptide constancy between purchased and self-produced antibody, triplets of both
samples were prepared and then submitted to the mass spectrometry facility (Dr.
Philipp Mertins, Max-Delbrtick-Centrum fir Molekulare Medizin, Berlin Germany) (see
section 4.2.1). After performing mass spectrometry analysis, a list of the contained
peptides was obtained (see full list in appendix Table 2). Both antibodies contained
overall the same peptides with only five exceptions (Table 1). These exceptions
appeared only in the self-produced antibody and belong to different organisms like

sus scrofa or bos taurus. Aside from that, the listed peptides were classified by the
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mass spectrometry analysis as contamination, which is already deposited as known
pollution of peptide analysis. These contaminations in the self-produced antibody might
originate from hybridoma culture and less purification present in the industrially
produced antibody, suggesting that these findings show no functional peptide
difference between the purchased and the self-produced antibody.

Table 1. Summary of differently detected peptides by mass spectrometry analysis. Sample were prepared by

Andreas Heimann (AH), mass spectrometric analysis was performed by Corinna Friedrich from Philipp Mertins
Proteomic Facility.

Sequence

coverage  Mol. weight
Protein IDs trivial name [%] [kDa] Intensity bought alphadbeta7 antibody self-produced antibody
CON__P00761 Trypsin (Pig) 19,5 24,409 |3004000000 (2553500000 0 0| 131420000| 46864000| 272210000
CON__ENSEMBL:ENS .

— Bos taurus protein

BTAP00000011227 15,3 14,629 | 485360000 0 0 0| 215970000 | 166290000| 103100000
CON__Q95M17 Bos taurus protein 3,2 52,129 | 301220000 0 0 0| 132150000| 57618000| 111450000
CON__P00978 AMBP Bos taurus 34 39,234 | 120000000 0 0 0| 49683000| 46864000 23451000
CON__P01030;CON__
ENSEMBL:ENSBTAPOO unknown
000007350 1 192,79 39989000 0 0 0| 21493000| 11464000 7032800

5.1.6. LPAM-1 antibody added with endotoxin and endotoxin only
leads to diminished tumor growth and enhanced GvHD burden

Previous quality analysis of the self-produced antibody suggested endotoxin
contaminations within the self-produced antibody. In order to test whether endotoxin
level might have affected the ATT effect, mice were treated with low doses of endotoxin
(Lypopolysaccharides, LPS) or in combination with purchased LPAM-1 antibody or
only with the purchased antibody. Endotoxin treated mice showed an accelerated
weight loss and earlier “on-target, off-tumor” toxicity symptoms upon first injection
(Figure 11 A). This effect was also seen in some previous experiments with the
self-produced antibody. Furthermore, endotoxin treated mice showed a plainly
decreased tumor growth (Figure 11 B) and visualized by BLI a stronger T cell infiltration
into tumor tissue (Figure 11 C-D) compared to the antibody group. There were no
differences between endotoxin alone or the combination of LPAM-1 antibody and
endotoxin. In summary, these results suggest that the previously described effects of
the LPAM-1 antibody on ATT efficiency might have resulted from low doses of

endotoxin in the self-produced antibody.
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Figure 11. Treatment with endotoxin (LPS) leads to decelerated tumor growth independent of LPAM-1
antibody. RagKO recipients received a sublethal irradiation followed by an ATT of 5e5 FACS sorted Marilyn cells.
The groups were treated daily with 200 ug LPAM-1- antibody, 200 ug LPAM-1- antibody + 0,5 pg LPS or 0,5 ug
LPS only over 10 days. LPAM-1 antibody (green), of LPAM-1 antibody + LPS (orange), LPS (red). A) The graph
shows toxicity scores after ATT over the time; mean values + SEM. B) The graph shows the tumor growth after
ATT over time; mean values + SEM. C) Exemplary Renilla luciferase signals of mice treated with antibody and non-
treated group on day 7. D) Quantification of the flux values of the total abdomen and tumor region, showing the
percentage of the tumor signal within the abdomen region; mean values + SEM. Data were generated of
1 experiment with n = 3. A two-tailed t-test was performed.
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5.2. T cell expansion

5.2.1. Ameliorated ATT outcome by optimized T cell expansion

For ATT, manufacturing of T cells including expansion is necessary. Not every T cell
culture is suitable for an ATT. Dropouts in the manufacturing process of T cells have
been described. Optimization strategies for ATT outcome were implemented, which on
the adaption of the needed T cell culture, promoting central memory T cells (Tcm) with
high effector potential and longevity. In cooperation with Dr. Stefanie Herda the
clinically established cytokine combination IL7/IL15 was thus compared with a new
combination IL15/IL27 and expanded T cells for over four weeks (Figure 12) (see
section 4.3.1).

MACS/FACS
Sort isolated
CcD4+/CD8*
T cells

} + 1 Days

A
f

aCD3/aCD28 Culture with
stimulation IL7/IL15 or
IL15/IL27

Figure 12. Overview schema of performed T cell culture. Isolated T cells (CD4 or CD8) were stimulated by
incubation on an anti-CD3/CD28 coated 6-well plate for three days. Further T cell expansion was performed by
expanding T cells with IL7/15 or IL15/27 over a period of four weeks.

5.2.2. A novel cytokine combination enhances granzyme A and B
expression in CD8 T cells and improves T cell expansion of Tcm
cells

Previous research suggests that IL27 enhances expression of granzyme B in CD8
T cells and promotes the early differentiation of CD4 T cells into TH1 [175, 177, 193].
To generate T cells with increased effector function for ATT, T cells were expanded in
an initial experiment with IL-27, which lead to three times more granzyme B expression
than with IL2 only (Figure 13 A). However, the T cells did not expand properly (Figure
13 A; Figure 14 A and D — gray line). To generate long-term surviving T cells with high
effector potential and Tcm phenotype, IL27 was combined with IL15. IL15 promotes
Tcm differentiation and is used with IL7 to generate memory stem T cells from naive

precursors [134]. Consequently, granzyme B expression of MACS sorted CD8 and
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CDA4 T cells was tested after one week of axpansion with IL7/IL15 or IL15/IL27 (see
section 4.3.1 and 4.4.3). A tendency for a higher granzyme B expression in IL15/1L27
expanded CD8 T cells compared to IL7/IL15 expanded cells (Figure 13 B) became
apparent but did not reach a significant level. This difference was not seen in CD4
T cells.
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Figure 13. Slightly enriched granzyme B expression for IL15/IL27 expanded CD8 T cells compared to IL7/IL15
culture. Polyclonal CD8 or CD4 T cells (TC) were isolated from CB57BL/6J (WT) mice using MACS technology and
activated via anti-CD3, anti-CD28 and IL2 for 72 hours. TCs were further cultured with the indicated cytokines. T
cells were re-stimulated 5 days after initial stimulation with antiCD3 and antiCD28 for 4 hours. A) CD8 T cells
were stained with intracellular granzyme A and B antibodies and detected via flow cytometry. Representative
counter plots out of 2 independent experiments with n=2 performed by Stefanie Herda (SH) B) Granzyme B was
measured via ELISA for CD8 by SH and CD4 T cells by AH. Mean data + SEM from 5-8 independent experiments
with pooled T cells of at least 2 mice. A two-tailed paired t-test was performed.

Furthermore, the growth kinetics and Tcm ratio were analyzed. IL2/IL7 expanded CD8
T cells served as negative control condition and failed to expand within the first weeks
whereas IL7/1L15 and IL15/IL27 expanded CD8 T cells expanded massively, reaching
a plateau after two-three weeks (Figure 14 A). Thereby, the IL15/1L27 expanded CD8
T cells multiplied the most resulting in significantly more T cells in comparison to
IL7/IL15 and both conditions resulted in significantly more T cells after four weeks
(Figure 14 B). The frequency of the favourable CD44+CD62L+ Tcm phenotype was
comparable between both cytokine combinations after one week (Figure 14 C) and
remained stable during culture period. In contrast to CD8 T cells, the CD4 T cells
expanded with IL2/IL7 showed similar results as the IL7/IL15 culture. However, the

IL15/1L27 expanded CD4 T cells showed improved expansion as seen in CD8 T cells,
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while declining after three weeks of expansion (Figure 14 D). This results in
comparable T cell numbers between day 7 and day 28 of T cell expansion for each
culture condition (Figure 14 E). All culture conditions implemented a prominent CD4

Tcm phenotype, albeit less dominant compared to CD8 T cells (Figure 14 D).
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Figure 14. T cell number increases significantly more in IL15/IL27 culture compared to IL7/IL15 expansion. T
cell expansion kinetics with different cytokine combinations. Polyclonal CD8 T cells (TC) were isolated from
CB57BL/6J (WT) mice using MACS technology and activated via anti-CD3, anti-CD28 and IL2 for 72 hours. TCs
were further expanded with the indicated cytokines. The quantification and phenotypical analysis were
conducted by flow cytometry. A) Growth kinetics of CD8 TC are displayed in the line diagrams or B) total numbers
on day 7 or day 28 as bar carts. CD4 and CD8 subpopulations were further characterized by CD44+ and CD62L+.
C) CD8 Tcm frequency at culture-day 7-8 are illustrated in bar carts. D) Growth kinetics of CD4 TC as line diagrams
or E) total numbers on day 7 or day 28 as bar carts. F) CD4 Tcm frequency at culture-day 7-8 as bar carts. Data
generated by SH, data analysis performed by AH. Mean data + SEM from 3-5 independent experiments with
pooled T cells of at least 2 mice. ***p < 0.001, **p < 0.01, *p < 0.05 A two-tailed paired t-test was performed.
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5.2.3. IL15/IL27 expanded T cells show similar central
memory/memory stem cell like phenotype and in vitro cytokine
expression

Each cytokine could induce an individual functional pathway with, for example,
differences in developed phenotype or effector potential of T cells. Granzyme B
expression was slightly increased by the IL15/IL27 culture in CD8 T cells, but regarding
the impact upon the phenotype similar Tcm frequencies for CD8 and CD4 T cells were
observed. To investigate the possible influence of IL15/IL27 on a memory stem cell
like (Tscm) phenotype and further effector function, Tscm surface markers CD122,
Scal, Bcl-2 and CXCR3 or re-stimulated expanded T cells and their cytokine

production via flow cytometry were analyzed [140, 202] (see section 4.3.1 and 4.4.1).

The development of the above-mentioned Tscm markers proved comparable between
IL7/IL15 and IL15/IL27 expanded polyclonal CD8 T cells, except for Bcl-2, which turned
out to be slightly higher expressed in IL15/IL27 expanded T cells (Figure 15 A). Next,
after one week of culturing upon re-stimulation, the functional capacity of the differently
expanded CD8 T cells were tested with anti-CD3 and anti-CD28 for four hours (see
section 4.3.3). IL15/IL27 cultured CD8 T cells were significantly lower IFNy and IL2
positive and significantly higher TNFa positive compared to IL7/IL15 expanded T cells.

However, the differences were negligible (Figure 15 B and C).
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Figure 15. In vitro properties of CD8 T cells are comparable between IL7/1L15 and IL15/1L27 culture. Polyclonal
CD8 T cells isolated from C5BL/6 mice were activated via antiCD3, antiCD28 and IL2 for 72 hours and further
expanded with IL7/IL15 or IL15/IL27 for one week. For analysis of effector function IL7/IL15 or IL15/IL27
expanded CD8 T cells were re-stimulated with antiCD3 and antiCD28 for 4 hours. The phenotypical and measured
cytokine expression were gained via flow cytometry. A) The CD8 Tcm subpopulation resulting from the T cell
culture was further characterized by CD122, Sca-1, Bcl-2 and CXCR3 and compared to ex vivo CD8 Tcm cells. B)
Representative FACS plots of pregated CD3+CD8 cells. C) Quantified expression of IFN-y, IL-2 or TNF-a from
IL7/IL15 versus IL15/IL27 expanded CD8 T cells. Mean data + SEM from 2 independent experiments with n = 5.
**p <0.01, *p < 0.05. A two-tailed paired t-test was performed

In addition, the in vitro properties of isolated polyclonal CD4 T cells were analyzed and
similar results were found as in CD8 T cells. The expression of Tscm markers was
similar between IL7/IL15 and IL15/IL27 expanded CD4 T cells, beside CD122, which
was less expressed in IL15/IL27 than in IL7/IL15 expanded T cells (Figure 16 A). The
re-stimulation of CD4 T cells after one week of expanding did not result in a significant
difference between the culture conditions for IFNy, IL2 or TNFa. IL-10 was not
detectable for any cytokine condition (Figure 16 B and C). Taken together, these data
suggest that the in vitro properties with characteristic features related to Tcm and Tscm
were similar between IL7/IL15 and IL15/IL27 expanded T cells.
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Figure 16. In vitro properties of CD4 T cells are comparable between IL7/IL15 and IL15/1L27 culture. Polyclonal
CD4 T cells isolated from C57BL/6 mice were activated via antiCD3, antiCD28 and IL2 for 72 hours and further
expanded with IL7/IL15 or IL15/1L27 for one week. For analysis of effector function IL7/IL15 or IL15/1L27
expanded CD4 T cells were re-stimulated with antiCD3 and antiCD28 for 4 hours. The phenotypical and measured
cytokine expression were gained via flow cytometry. A) The CD4 Tcm subpopulation resulting from the T cell
culture was further characterized by CD122, Sca-1, Bcl-2 and CXCR3 and compared to ex vivo CD4 Tcm cells. B)
Representative FACS plots of previously gated CD3+CD4 cells. C) Quantified expression of IFN-y, IL-2 or TNF-a
from IL7/1L15 vs. IL15/1L27 expanded CD4 T cells. Mean data = SEM from 2 independent experiments with n = 5.
A two-tailed paired t-test was performed

5.2.4.IL7/IL15 and IL15/IL27 expanded Tcm cells share similar
transciptome signatures

In cooperation with Dr. Benedikt Obermayer

In order to elucidate the mechanisms behind the improved in vitro expansion and
enhanced granzyme expression of IL15/IL27 expanded CD8 T cells, the comparability
of the transcriptome signatures of differently expanded Tcm cells (Figure 17 A top) and
the longitudinal changes between the transciptome signatures of differently expanded
Tcm cells were examined (Figure 17 A bottom). Tcm cells were generated by isolated
murine CD4 or CD8 T cells and FACS sorted (Figure 17 B) on week 1 (short-term
expansion, ST) or on week 3 (CD4) respectively week 4 (CD8, long-term expansion,
LT) (see section 4.1.1, 4.3.1 and 4.4.2). The FACS sorted T cells were gated as shown

in Figure 17 B. After RNA isolation the samples were submitted to the genomic facility
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(Dr. Tomasz Zemojtel, Berlin Institute of Health, Berlin Germany) (see section 4.1.6).
Subsequently, the generated sequencing data were then analyzed in collaboration with
the bioinformatics facility (Dr. Dieter Beule, Berlin Institute of Health, Berlin Germany).
Thereupon, differential expression analysis of 22050 protein-coding genes was
performed using DESeq2 [197] (see section 4.1.7).
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Figure 17. Schematic overview of transcriptomic analysis and Tcm-gating strategy A) Overview schema of
performed transcriptome analysis. B) Representative FACS plot of the used FACS sort gaiting strategy.

As expected, the effector driving cytokine combination IL2/IL7, which was used as
negative control condition, showed striking differences in gene expression, compared
to the other culture conditions. Surprisingly no significant difference in gene expression
between IL7/IL15 and IL15/1L27 expended Tcm cells was observed. The transcriptome
signatures from both cytokine combinations clustered strongly together, which is
clearly represented in the hierarchical clustering (Figure 18 A) and also in the principal

compound analysis (PCA — Figure 18 B).

Hierarchical clustering and PCA for CD4 Tcm cells resulted in similar distinct clusters
as in CD8 Tcm cells, without significant differences in gene expression between
IL7/IL15 and IL15/IL27 expanded CD4 T cells (Figure 18 C and D). These results
indicate that there is no transcriptional difference between IL7/IL15 and IL15/I1L27

expanded Tcm cells.

56



CD8 B

condition 0.50

? e
E condition
z-score condition o 0.00 L27 IE‘ IL.15.27
| TR S [¢] Lras
2 HEwL7as e
0 W IL15.27 -0.25

-0.50

-0.50 -0.25 0.00 0.25
PC1 (78.58%)

CD4 D

condition
0.50 1

e —_—
— = condition
= . z- core condition 2.7 E IL.15.27
N . IL27 E IL7.15
i 2 HEIL7a5 001 -
5 0 EILs27
- Ex
— | . -4 -0.254

o
o
o

PC2 (25.32%)

o
o
IS

0.2 0.0 0.2 0.4
PC1 (63.47%)

Figure 18. Transcriptome signatures of IL7/IL15 and IL15/1L27 do not show differently expressed genes. RNA
sequencing of polyclonal CD8 or CD4 Tcm cells expanded with IL2/IL7, IL7/IL15 or IL15/IL27. The data are
presented as a clustering analysis of the gene expression. A) Hierarchical clustering of differently expanded Tcm
cells. Red and blue colors indicate increased and decreased expression differential genes (adj. P < 0.05, absolute
log2 fold change > 0.5). Each column represents a sample and each row a gene. B) Principal component analysis
(PCA) of these genes for CD8 Tcm cells. C) As described for A, but here for CD4 Tcm cells. D) Principal component
analysis (PCA) of these genes for CD4 Tcm cells. RNA isolation was performed by AH, sequencing was performed
by the BIH Genomic facility and data evaluation was performed by Benedikt Obermayer (OB). The result is
representative of 4-5 independent culture experiments using the RNA from FACS sorted Tcm.

5.2.5. Longitudinal transcriptome signatures revealed differences
between short-term and long-term expanded Tcm cells

In cooperation with Dr. Benedikt Obermayer

The next step was to compare the transcriptome signatures of ST and LT expanded
Tcm cells to identify longitudinal transcriptional alterations, which are suspected of
having a functional impact on LT Tcm cells. 2612 differently expressed genes between
ST vs. LT CD8 T cells (adjusted P < 0.05 and fold changes > 0.5) were identified and
visualized by hierarchical clustering and PCA (Figure 19 A and B). 60.2 % of these
genes (1573) were down-regulated and 39.8 % (1039) were up-regulated. The majority
of these genes showed moderate expression alterations between 1.5 and 2.0-fold.

The CD4 Tcm cells differed between ST and LT culture in 1511 genes with 38.4 %
(580) up-regulated and 61.6 % (931) down-regulated as shown by hierarchical
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clustering and PCA (Figure 19 C and D). These findings suggest a transcriptional

impact of long-term expansion on Tcm cells.
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Figure 19. Significant differences in gene expression of short-term compared to long-term expanded Tcm cells.
RNA sequencing of polyclonal CD8 or CD4 Tcm cells generated via ST or LT expansion with IL7/IL15. The data are
presented as a clustering analysis of the gene expression. A) Hierarchical clustering of differently expanded Tcm
cells. Red and blue colors indicate increased and decreased expression of the 2790 differential genes (adj. P <
0.05, absolute log2 fold change > 0.5). Each column represents a sample and each row a gene. B) Principal
component analysis (PCA) of these genes for CD8 Tcm cells. C) As described for A, but here for CD4 Tcm cells. D)
Principal component analysis (PCA) of these genes for CD4 Tcm cells. RNA isolation was performed by AH,
sequencing was performed by the BIH Genomic facility and data evaluation was performed by OB. The result is
representative of 4-5 independent culture experiments using the RNA from FACS sorted Tcm.

5.2.6. Long-term Tcm cells have a maintained Tcm/Tscm
transcriptome signature

In cooperation with Dr. Benedikt Obermayer

To investigate whether longitudinal differences in gene expression have functional
effects on LT expanded Tcm cells, the sequencing data were compared to
transcriptome signatures from published data sets. For this purpose, the focus was
placed on IL7/1L15 expanded T cells, due to the fact that no significant transcriptional
differences were found, and the fact that the combination of IL7/IL15 has already been
established in some clinical expansion protocols and for reasons of comparability, as
some drawn data sets have also been expanded with IL7/IL15 [134, 195]. The
transcriptome profile of ST and LT expanded CD4 or CD8 Tcm cells was compared
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with published gene sets from naturally occurring CD8 T cell subsets and differently
induced Tscm [134, 139-141, 195] Unsupervised hierarchical clustering and PCA using
the gene set of Gattinoni et al. revealed that both ST and LT CD8 Tcm cells were
closely related to annotated CD8 Tcm as well as naturally occurring and induced CD8
Tscm (Figure 20 A and B). In Pulko’s dataset (GSE80306), Tscm were originally
labelled as memory T cells with naive phenotype [TMNP], and in Cieri’s dataset
(GSE41909) as naive-derived T cells [TTN]. ST and LT CD4 Tcm cells consistently
grouped closely with annotated CD4 Tcm and naturally or Notch-induced CD4 Tscm
subsets (Figure 20 C and D). The grouping was independent of murine [140] or human
[196] T cell origin. Taken together, these data suggest that even while there are
significant differences between ST and LT transcriptome signatures, comparing
hierarchical clustering and PCA with published data, they stay closely within annotated

Tcm and Tscm cells with a stable functional phenotype.

I—|
A Simnhtnamamlim Ly cD8 B
dataset
00 I VN I phenotype o2 dataset
. =t = &= z-score
= ==y e m this study & GSE41909
E "o ® GSE23321 @ GSE80306
-2 —_
4 9 % GSE68003 ¢ GSE93211
dataset g 0.0
S ey 0 T
= :;Ei GSE68003 ~ ) i ‘
=== 5SSt O ¥ L= | TN [+ | Tsem(TTN)
= ph‘;iifx": @ o & [« ] Tom [« | TWs119-induced TSCM
: == N TEM Notch-induced TSCM
= e TSCM ST
== M TSoM (Tne) ¢ [«] Tscm rvne)[« | LT
- TWS119-induced TSCM -0.3-0.2-0.1 0.0 0.1 0.2 0.3
= — — B Notch-induced TSCM PC1 (29 08%)
: = = - W .
= L= o= =—=—=--- I\
C dataset D
phenotype 04
I == phenotype
TE ~ = z-score -
} ~ . <] TN TSCM
= 2 — W\ - 1
— " e 02 [« ] Tcm [o] sT
s = 2 TEM [«] LT
F.: = -4 o \ O\
e B = < o0
E — ] dataset 8 dataset
s el & m this study
"F GSE92381
L: - phenotype -02 \ % GSE61697
gh B Tom X GSE92381

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1 (25.67%)

e e el

Figure 20. Short-term and long-term expanded Tcm cells show similar transcriptome signatures within
annotated Tcm/Tscm spectrum. Comparable analysis of RNA sequencing of polyclonal CD8 and CD4 Tcm cells
generated via ST and LT IL7/IL15 culture with published data of Tcm and Tscm cells. RNA isolation was performed
by AH, sequencing was performed by the BIH Genomic facility and data evaluation was performed by OB. A)
Hierarchical clustering of ST and LT CD8 Tcm, IL7/1L15-generated Tscm cells (Cieri et al., GSE41909), naturally
occurring CD8 T cell subsets (Gattinoni et al., GSE23321), TWS119-enriched Tscm (Sabatino et al., GSE68003) and
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Notch-induced Tscm (Kondo et al., GSE93211) based on 852 genes described by Gattinoni et al., from which 427
genes were expressed in all data sets (red, up-regulated genes; blue, down-modulated genes). Each column
represents a sample and each row represents a gene. B) Principal component analysis (PCA) of all datasets of
CD8 T cells. C): Hierarchical clustering of ST and LT expanded CD4 Tcm, naturally occurring CD4 T cell subsets
(Takeshita et al., GSE61697) and Notch-induced Tscm (Kondo et al., GSE92381) based on 447 of the Gattinoni et
al. genes that are expressed in all data sets. Each column represents a sample and each row a gene. D) Principal
component analysis (PCA) of all data sets of CD4 T cells.

5.2.7. In vitro functional properties of CD8 and CD4 T cells are retained
by long-term expansion

For the purpose of identifying gene expression patterns that elucidate biological
functions or pathways affected in LT CD8 and CD4 T cells, GO term enrichment
analysis was performed in order to assign the differently expressed genes to selected
biologically meaningful gene ontology (GO) categories (Figure 21 A). Genes encoding
key regulators of proliferation were down-regulated in both T cell subsets, whereas
regulators of cellular responses, cell differentiation and signalling were up-regulated
over time. Genes encoding markers for Wnt signalling and apoptotic process were only
up-regulated in LT CD8 T cells. Interestingly, regulators of programmed cell death and
apoptotic process were down-regulated in LT CD4 T cells (Figure 21 and appendix
Table 2). Additionally, the overlap of deregulated genes in CD8 and CD4 Tcm cell
signatures was compared. Of 931 down-regulated genes in LT CD4 T cells, 74 % (688)
were also down-regulated and only 0.5 % (5) were up-regulated in LT CD8 Tcm cells.
53 % (305 of 580) up-regulated genes in LT CD4 T cells were also up-regulated in LT
CDS8 T cells and only 14 were down-regulated (Figure 21 B). Furthermore, the altered
genes were set against ST and LT CD8 versus ST and LT CD4 Tcm cells, revealing a
relatively high correlation illustrated by the Venn diagram (Figure 21 B) and the scatter
plot with highlighted selected genes (Figure 21 C). The T cell inhibitory receptors (TIRS)
CD200 (Cd200), PD-1 (Pdcdl) and LAG-3 (Lag3) were down-regulated in both CD8
and CD4 LT Tcm cells indicating lower exhaustion potential [203, 204]. Dusp4, Tox
and Nr4dal associated with T cell dysfunction [205-208] were also down-regulated over
time, whereas genes for effector molecules Granzyme c-g were highly up-regulated in
LT CD8 T cells, supporting the previous in vitro findings.
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Figure 21. Strong overlap of differentially expressed genes between CD4 and CD8 long-term signatures. RNA
sequencing of polyclonal CD8 Tcm cells generated via ST or LT expansion with IL-7/IL-15. RNA isolation was
performed by AH, sequencing was performed by the BIH Genomic facility and data evaluation was performed by
OB. A) Gene list with GO terms. B) Venn diagram with numbers of differentially regulated genes compared
between differently long expanded CD8 Tcm and CD4 Tcm cells. C) Scatter plot with log2 fold changes between
ST and LT CD8 Tcm versus CD4 Tcm cells. Selected genes were highlighted.

To test whether some of the up-coming GO terms are verifiable, several in vitro
experiments were conducted. The functional properties of ST and LT CD8 and CD4
T cells were analyzed by performing dissection of Tscm phenotype markers, cytokine
and granzyme B production, proliferation capacity, extent of cell death and
up-regulation of exhaustion markers (CTLA-4, PD-1, TIM-3 and LAG-3) upon
re-stimulation with antiCD3 and antiCD28 for four hours (cytokine expression,
granzyme B production and extent of apoptosis), 10 or 11 days (exhaustion markers
and proliferation). The Tscm surface marker analysis revealed comparable expression
levels of Sca-1 and CXCR3 or even higher expression levels of CD122 and Bcl-2 in LT
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CD8 Tcm cells (Figure 22 A). On CD4 T cells, only CD122 was higher expressed on
LT CD4 Tcm cells, whereas the expression of Sca-1, Bcl-2 and CXCR3 was
comparable (Figure 22 B). The cytokines IL2, IFNy and TNFa of LT CD8 T cells was
significantly higher expressed compared to ST CD8 T cells (Figure 22 C and E). Similar
results were observed for LT CD4 T cells with exception of TNF-a, which remained
comparable between ST and LT CD4 T cells (Figure 22 D and F). IL10 was not
detectable at any time. In addition to previous in vitro analyses, the proliferation
capacity, extent of cell death and expression of exhaustion markers was further
analyzed (see section 4.3.4, 4.3.5 and 4.3.6). Regarding the proliferation capacity
(Figure 22 G and H) or apoptosis (Figure 22 | and J), no differences between both
groups for CD8 and CD4 T cells were observed. The up-regulation of exhaustion
markers was provoked by a lower permanent re-stimulation with diluted antiCD3 and
antiCD28 for 10 days. ST and LT CD8 or CD4 T cells all showed a similar up-regulation
of exhaustion markers, beside LAG3 expression (Figure 22 K and L). LAG3 was
significantly less expressed in LT CD8 T cells compared to the ST culture, which
correlated with lower LAG3 expression in the transcriptome analysis (Figure 21 C —
and appendix Table 3). Taken together, these data suggest that murine CD8 and CD4
T cells might be expanded over three (CD4) or four (CD8) weeks, maintaining
characteristic features related to Tcm and Tscm and without losing in vitro functionality

by simple expanding with IL7/IL15.
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Figure 22. Retained phonotypical and functional properties of long-term expanded T cells in vitro. Polyclonal
CD8 or CD4 T cells were isolated from C57BL/6 mice, activated via antiCD3, antiCD28 and IL2 for 72 hours and
further expanded with IL7/IL15 for 4 (ST) or 18 (LT CD4) respectively 25 (LT CD8) days. ST and LT CD8 or CD4 T
cells were re-stimulated with antiCD3 and antiCD28 for 4 hours (C, D, E, F, 1,J), 10 (K and L) or 11 days (G and H).
The phenotypical analysis was conducted by flow cytometry. Granzyme B measurement was performed as ELISA.
A) The CD8 or B) CD4 Tcm cell subset resulting from the T cell culture was further characterized by CD122, Sca-
1, Bcl-2 and CXCR3 and compared to ex vivo Tcm cells. C)+D) The bars show frequencies of cytokine-expressing
CDS8 (C) or CD4 (D) T cells with mean values + SEM. **p < 0.01, *p < 0.05, paired t-test. 3/7 of measurements
were performed by SH, 4/7 by AH. E)+F) The granzyme B concentration in supernatants of re-stimulated CD8 (E)
or CD4 (F) T cells were analyzed in triplicates via ELISA. 3/6 of the data for E) were compiled by SH. The bars show
mean values + SEM. ***p < 0.001, *p < 0.05 paired t-test. G)+H) Representative histograms of re-simulated CFSE-
labeled ST and LT CD8 (G) or CD4 (H) T cells. I)+J) The bars show frequencies of apoptotic and dead cells (DAPI+,
Annexin+) vs. living cells (DAPI-, Annexin-) from re-stimulated CD8 (I) or CD4 (J) T cells with mean values + SEM.
K)+L) The bars show mean values + SEM of inhibitory T cell receptor expression on CD8 (K) or CD4 (L) after re-
stimulation over 10 days. The data were generated in 2-3 independent experiments with n =6-9. *p < 0.05, paired
t-test.

5.2.8. Long-term CD8 and CD4 T cells don’t lose their engraftment and
persistence capacity under lymphopenic conditions in vivo
Next, in vivo experiments were performed to investigate how feasible the in vitro
findings about persistence were. Hence, our dual-luciferase reporter system was
applied, allowing migration, expansion and activation of adoptively transferred T cells
to be monitored [92]. Polyclonal ST or LT CD8 (Figure 23 A) or CD4 (Figure 24 A)
BLITC cells were expanded and injected iv into sublethally irradiated RagKO mice.
First, the engraftment capacity after 30 days was assessed (see section 4.4.1, 4.5.1
and 4.5.7). Renilla luciferase (Rluc) signals in cervical and inguinal lymph nodes (cLN
and iLN) were quantified by digitally setting regions of interest (ROI) and by computing
total flux values. The signal intensity between ST and LT CD8 (Figure 23 B and F) as
well as for CD4 T cells (Figure 24 B and F) was comparable. Additionally, peripheral
lymph nodes and the spleen were isolated, in order to quantify absolute numbers of
infiltrated CD8 or CD4 T cell numbers using flow cytometry. The absolute numbers of
CDS8 (Figure 23 C) or CD4 (Figure 24 C) were comparable in both groups supporting
the BLI data and thus suggest that there are no differences in regard to the engraftment
capability. In the follow-up, Rluc signals were detectable for further two (CD4) or five
(CD8) months, suggesting similar persistence of transferred T cells (Figure 23 D;
Figure 24 D). ST and LT CD4 T cells showed a potent expansion in RagKO recipients,
even though it was a syngeneic ATT (Figure 24 F). Because of the strong expansion
and an increasing burden in the mice, the CD4 recipients were sacrificed after three
months post ATT. The absolute numbers of peripheral lymph nodes and spleen after
three (CD4) or six months (CD8) turned out comparable for ST and LT T cells (Figure
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23 E, Figure 24 E). These findings suggest a preserved engraftment and persistence
capacity for CD4 and CD8 T cells in vivo.
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Figure 23. Long-term CD8 T cells show retained engraftment end persistence capacity. A) Scheme for T cell
transfer into female RagKO mice in order to analyze in vivo engraftment and persistence. B, C) The diagrams on
the left show the mean + SEM of Renilla luciferase flux values in the cervical (cLN) and inguinal lymph nodes (iLN)
one month (B) and six months (C) after transfer. Mice were sacrificed after one or six months and CD8 T cells
were quantified in different organs via flow cytometry. The bar diagrams on the right show the mean data + SEM
of total T cell numbers. D) Representative Renilla luciferase signals of ST or LT CD8 Tcm cells one to six months
after transfer into female RagkO mice. All data were generated in 2 independent experiments with n = 6-8 mice
per group. A two-tailed t-test was performed.
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Figure 24. Long-term CD4 T cells show retained engraftment end persistence capacity. A) Scheme for T cell
transfer into female RagkO mice in order to analyze in vivo engraftment and persistence. B, C) The diagramson
the left show mean + SEM of Renilla luciferase flux values in the cervical (cLN) and inguinal lymph nodes (iLN)
one month (B) and three months (C) after transfer. Mice were sacrificed after 1 or 3 months and CD4 T cells were
quantified in different organs via flow cytometry. The bar diagrams on the right show mean data + SEM of total
T cell numbers. D) Representative Renilla luciferase signals of ST or LT CD4 Tcm cells 1 to 3 months after transfer
into female RagKO mice. All data were generated in 2 independent experiments with n = 6-8 mice per group.
Two-tailed t-test was performed.

5.2.9. Antigen-challenged CD8 T cells have a preserved proliferation
ability, persistence capacity and killing efficacy in vivo
Maintained or even enhanced functional capabilities of adoptively transferred T cells
after (tumor-) antigen encounter is crucial for the efficacy of an ATT. To investigate
antigen-dependent proliferation, persistence and killing capacity, the well-known minor
histocompatibility antigen H-Y was used, which is ubiquitously expressed in male
RagKO mice. In order to provoke an antigen stimulus, CD8 T cells were isolated from
female BLITC (Figure 25 A) or H-Y transgenic MataHari-BLITC mice [92] (Figure 25 B)
and expanded ST or LT (see section 4.5.1 and 4.5.4). ST and LT T cells were then
FACS sorted for CD44+CD62L+ T cells (Tcm phenotype) and transferred into male
RagKO recipients. After 11 days, comparable Rluc signals in cLN and iLN for
polyclonal and transgenic ST and LT CD8 Tcm cells were detected (Figure 25 A and

B), indicating comparable proliferation capacity of ST and LT CD8 H-Y specific T cells
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from WT or MataHari (MH) donors upon antigen challenge in vivo. In the follow-up of
the transgenic ATT, the RIluc intensity increased within the first two weeks.
Subsequently, the Rluc intensity declined and stayed stable for more than three
months (Figure 25 B —right graph). These kinetics turned out comparable between ST
and LT MH T cells, suggesting an analogous persistence capability after antigen
encounter of H-Y specific CD8 T cells. Next, the ability of ST and LT MH Tcm to Kill
H-Y expressing target cells in vivo was tested. For this purpose, ST and LT MH Tcm
were administered into female RagKO recipients. After four hours, CFSEM"-labeled
male and CFSE"*"-labeled female splenocytes (from RagKO donors) were injected.
20 hours later, the frequencies of CFSE-labeled cells were measured via flow
cytometry. The Killing capacity was determined by forming ratios between female
(CFSE"") and male (CFSE"9") target cells, which were calculated for each sample
(see section 4.5.5.). The killing capacity was comparable between ST and LT MH Tcm
cells (Figure 25 C). In summary, these data suggest that LT CD8 T cells have a
sustained proliferation, persistence and Kkilling potential upon antigen encounter.
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Figure 25. Long-term CD8 T cells demonstrate preserved encounter functionality. A) Scheme for T cell transfer
into male RagKO mice in order to analyze in vivo proliferation. Representative Renilla luciferase signals of ST or
LT CD8 Tcm cells 11 days after transfer into male RagKO mice. The diagram shows the mean £ SEM of Renilla
luciferase (Rluc) flux values in the cervical (cLN) and inguinal lymph nodes (iLN). B) Scheme for MataHari (MH)
Tcm cell transfer into male RagKO mice to analyze in vivo proliferation. Representative Rluc signals of ST or LT
MH Tcm cells 11 days or over time period of three month after transfer into male RagkO mice. Diagram shows
mean * SEM of Rluc flux values in the cervical (cLN) and inguinal lymph nodes (iLN). The right diagram shows
mean * SEM of Rluc flux values in the cLN over three months. C) Scheme for in vivo kill. Representative CFSE
profiles of splenocytes isolated from mice that received no T cells, ST or LT MH Tcm. Numbers indicate the killing
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frequency. Killing frequency was calculated by 100-(100/CFSEM&"xCFSE'*%). The bar charts show killing frequencies
of ST and LT MH Tcm cells minus control (no T cells) in mean + SEM. Data for C) were generated together with
SH. All data were generated in 2 independent experiments with n = 6-8 mice per group. A two-tailed t-test was
performed.

5.2.10. Long-term transduced and transgenic CD8 and transgenic
CDA4 T cells demonstrate a retained anti-tumor killing efficacy in
vivo

Beyond endogenous antigen encounter, it is important to investigate the functionality
of expanded T cells for tumor challenge. Therefore, experiments with 3 different tumor
entities were performed (see section 4.5.6, 4.5.8 and 4.5.9). First, ST and LT MH Tcm
cells were expanded and transferred into female RagKO recipients with an established
H-Y expressing WR21 tumor [201]. T cell migration was monitored via Rluc and T cell
activation was monitored via NFAT-CBR signals in vivo. The ST and LT H-Y TCR
transgenic CD8 T cells both infiltrated rapidly into the tumor tissue where they showed
strong infiltration and activation, resulting in a slightly decelerated tumor growth
compared to the control group (Figure 26 A). However, the entire anti-tumor-response
by the ATT was weaker than expected, due to rapid antigen-loss (Appendix Fig.1).
Secondly, ST and LT TCR-1 specific transduced T cells were tested in the SV40 Tag
tumor model [98, 99] (see section 4.4.4). Based on the work of Szyska and colleagues,
polyclonal BLITC T cells were transduced with a TCR-I containing retrovirus and
expanded for one or four weeks. Meanwhile, the 200ALuc tumor [92] was established
for about 40 days in albino RagKO mice, which then received ST or LT TCR-1
transduced CD8 BLITC Tcm cells. Bright Rluc on day 8 and distinct NFAT-CBR signals
on day 7 demonstrated a strong activation and infiltration into tumor tissue. As a result,
one week after ATT, the tumors of both groups started to regress, being completely
rejected after two weeks without relapse over 90 days, whereas tumors from the control
mice (no T cells) grew out within four weeks (Figure 26 B). As for CD8 T cells, the anti-
tumor efficacy of ST and LT H-Y TCR transgenic CD4 T cells was investigated. Thus,
they were isolated from Marilyn-BLITC mice [92] and expanded for one or three weeks.
RagKO mice bearing DBY-positive MB49 tumors [200] received ST or LT H-Y
transgenic CD4 Tcm cells. Tumor infiltration and T cell activation was observed in both
groups, leading to a fast tumor regression, but followed by tumor relapses occurring
comparably for ST and LT T cell recipients (Figure 26 C). In conclusion, these findings

suggest a retained anti-tumor capability of LT CD4 and CD8 T cells.
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Figure 26. Long-term expanded T cells maintain potent anti-tumor functionality. A) Scheme for T cell transfer
into WR21-tumor-bearing female RagKO mice. Tumor growth kinetics are displayed by the line diagrams, mean
+ SEM. The diagram shows renilla and NFAT-click beetle luciferase signals of differently expanded CD44*CD62L*
MataHari T cells 5 or 8 days after transfer into WR21-tumor-bearing mice. The line diagrams show mean £ SEM
of luciferase flux values in the tumor region. One out of two experiments was performed by SH. B) Scheme for T
cell transfer into 200ALuc-tumor-bearing female RagkO mice. Tumor growth kinetics are displayed by line
diagram, mean + SEM. The diagram shows renilla and NFAT-click beetle luciferase signals of differently expanded
TCR-1 transduced T cells 7 or 8 days after transfer into 200ALuc -tumor bearing mice. The line diagram shows
mean + SEM of luciferase flux values in the tumor region. C) Scheme for T cell transfer into MB49-tumor-bearing
female RagKO mice. Tumor growth kinetics are displayed by line diagram, mean + SEM. The diagram shows renilla
and NFAT-click beetle luciferase signals of differently expanded transgenic H-Y specific CD4 Tcm cells 7 or 8 days
after transfer into MB49-tumor-bearing mice. Line diagram show mean + SEM of luciferase flux values in the
tumor region. Tumor growth kinetics are displayed by line diagram, mean + SEM. For each setting representative
BLI pictures are shown. All data were generated in 2 independent experiments with n = 6-15 mice per group.
Two-tailed t-test was performed.

5.2.11. Elongation of human T cell expansion increases total amount
of CD8 and CD4 Tcm cells with maintained in vitro function

A further aim of this thesis was to transfer the findings from murine to human T cell
expansion. For this purpose, the expansion kinetics and phenotype development of
T cells from healthy donors were analyzed. Human T cells were enriched by density
gradient centrifugation, followed by T cell activation via antiCD3, antiCD28 and IL2 for
three days with further expansion using IL7/IL15. The expansion kinetics of CD8 and
CD4 T cells were in line with my murine data. Thus, a distinct increased in human CD8
and CD4 T cell numbers became apparent during the first three weeks. The plateau of
expansion for CD8 T cells was reached after four weeks. Next, the developed
phenotype of expanded CD8 and CD4 T cells was analyzed by detecting CD45R0O and
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CCRY7 expression using flow cytometry (see section 4.3.2 and 4.4.1). The elongated
expansion of CD8 T cells resulted in a 10,000-fold increase of human CD8
CD45RO+CCR7+ T cells (Tcm), which is associated with human Tcm (Figure 27 A,
right graph). Interestingly, the expansion of human CD4 T cells was accompanied by
a stronger and longer increase than murine CD4 T cells, which resulted in 50-fold

higher numbers of human CD4 Tcm T cells after three weeks (Figure 27 B).
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Figure 27. Long-term IL7/IL15 expanded leads to strong increased numbers for human CD8 and CD4 T cells. T
cells from healthy donors were enriched using a ficoll density gradient, activated via anti-CD3/CD28 and IL-2 for
72 hours and further expanded with IL7/IL15 for 4 (ST) or 25 (LT) days. The quantification and phenotypical
analysis were conducted by flow cytometry. A) Growth kinetic of CD8 T cells is displayed by line diagram as mean
values + SEM. The before-after-diagram shows the mean + SEM of total CD8 CD45RO*CCR7* T cell numbers. B)
Growth kinetic of CD4 T cells is displayed by line diagram as mean values + SEM. The before-after-diagram shows
mean = SEM of total CD4 CD45RO*CCR7* T cell numbers. Data were generated in 2 independent experiments
with n =4 healthy donors with one out of two experiments by SH. **p < 0.01, *p < 0.05, two-tailed paired t-test.

As previously analyzed for murine T cells in vitro, the properties of human ST and LT
CD8 and CD4 T cells were tested regarding the extent of cell death, exhaustion and
cytokine expression after re-stimulation with antiCD3 and antiCD28 for 4 hours
(cell death, cytokine expression) or 10 days (TIRS) (see section 4.3.3, 4.3.4 and 4.3.5).
The extent of cell death in human CD8 and CD4 T cells was lower than in murine
T cells. However, the extent of cell death between ST and LT CD8 and CD4 T cells
was comparable (Figure 28 A and D). The level of TIR expression also proved similar
between both groups of CD8 and CD4 T cells (Figure 28 B and E). During expansion,
human CD8 T cells expressed increasing amounts of IFNy and TNFa within the first
three weeks, followed by a rapid decline of these cytokines after four weeks (Figure
28 C). Expanded CD4 T cells also expressed higher amounts of IFNy and TNFa during
the first three weeks, followed by a down-regulation in week 4 of TNFa and a stable
amount of IFNy. However, the detected cytokine expression for CD4 T cells in week 4
was still higher than in week 1 (Figure 28 F). In summary, these data suggest that the
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results regarding prolonged murine T cell expansion are applicable to human T cell

culture and thus relevant for clinical ATT approach.
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Figure 28. Long-term expanded human T cells show comparable in vitro properties to short-term expanded T
cells. A) ST and LT CD8 T cells were re-stimulated for 4 hours using anti-CD3/CD28. The bars show mean values +
SEM of frequencies of apoptotic / dead cells (Annexin+, DAPI+) and living cells (Annexin-DAPI-) CD8 T cells. B)
The bars show mean values + SEM of inhibitory T cell receptor expression on CD8 T cells after re-stimulation over
10 days. C) Expanded CD8 T cells were re-stimulated at the indicated time points as described in B. The line
diagram shows mean values + SEM of IFN-y and TNF-a expressing CD8 T cells over time. D) ST and LT CD4 T cells
were re-stimulated for 4 hours using anti-CD3/CD28. The bar charts show mean values + SEM of frequencies of
apoptotic / dead cells (Annexin+, DAPI+) and living cells (Annexin-DAPI-) CD4 T cells. E) The bars show mean
values + SEM of inhibitory T cell receptor expression on CD4 T cells after re-stimulation over 10 days. F) Expanded
CD4 T cells were re-stimulated at the indicated points in time as described in B. The line diagram shows mean
values + SEM of IFN-y and TNF-a expressing CD4 T cells over time. Data were generated in 3 independent
experiments with n = 9 healthy donors. A two-tailed paired t-test was performed.
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6. Discussion

6.1. Feasibility of treatment with LPAM-1 antibody

The humanized antibody against LPAM-1, Vedolizumab, has already achieved FDA
approval, followed by first promising clinical trials with patients suffering from severe
GvHD. One aim of this study was to verify this antibody potential of treating “on-target,
off-tumor” toxicity in our mouse model. A further goal beyond the mitigation of
“on-target, off-tumor” toxicity was to test for the maintenance or even improvement of
GVT. An amelioration in “on-target, off-tumor” toxicity was initially endorsed and
follow-up experiments with tumor bearing mice were promising, showing diminished
toxicity and increased tumor infiltration resulting in slower tumor growth. However,
these results were not reproducible. The difference between the first and latest
experiments was the source of antibody. Although the antibody-producing hybridoma
clone was the same (DATK32 [111]) in both experiments, a self-produced and purified
version was used initially, while the follow-up experiment involved a purchased
antibody product. Subsequently, failure analysis was performed by comparing peptide
constellation via mass spectrometry. These results did not show any difference in
functional peptides. As previous quality analysis showed endotoxin contamination in
the self-produced antibody, the next step was to test the impact of sole endotoxin in
our model. Endotoxin-treated mice showed similar tumor infiltration and growth to the
promising experiments with the self-produced antibody, while the purchased antibody
did not show any effect on “on-target, off-tumor” toxicity or GVT burden. These studies
revealed that the LPAM-1 blocking antibody was not constantly able to reduce
“on-target, off-tumor” toxicity. Moreover, the observed improvement in tumor infiltration

and growth deceleration might have resulted from endotoxin.

6.1.1. Does LPAM-1 antibody ameliorate “on-target, off-tumor”
toxicity?
Specific blocking of LPAM-1 on lymphocytes in order to inhibit migration into the
mucosal site of mice [111, 117, 209] or to ameliorate intestinal inflammation in human
[123-125] has been shown by a variety of studies. However, a successful blockade of
LPAM-1 was not always noticed. With a Crohn’s disease-like ileitis mouse model, there

was no amelioration in acute or chronic intestinal infiltration compared to the isotope
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control [210]. Similar results were observed for a clinical trial with Vedolizumab, treating
Crohn’s disease patients with failed tumor necrosis factor antagonist treatment [211].
These contradictory data demonstrate that a successful inhibition of T cell migration
into intestinal tissue might be dependent on more than LPAM-1.

Beilhack et al. impressively showed that secondary lymphoid organs (SLOs) are
needed for GvHD initiation. It has been previously demonstrated, that the blockade of
access to all potential SLOs is required to reduce GvHD since involvement of only one
SLO is sufficient to mediate GvHD [212]. Additionally, it has been reported that
alternatively to LPAM-1, T cells can migrate into small intestine lamina via the
C-C chemokine receptor 9 (CCR9) and chemokine (C-C motif) ligand 25 (CCL25) axis
[213-216]. Moreover, Stenstad et al. observed CD4 T cells migrating into small bowl
independently of CCR9, suggesting there could be even a third adhesion mechanism
[217]. Each of these findings might provide an explanation for sustained toxicity in the

experiments applying the purchased antibody.

6.1.2. Endotoxin, but not LPAM-1 antibody, has an impact on anti-
tumor response of ATT

This initial experiment demonstrated an enhanced T cell infiltration into tumor tissue in
recipients undergoing treatment with the self-produced LPAM-1 antibody. These data
were not reproducible with the purchased LPAM antibody, so further studies were
performed to clarify the mechanism. Mass spectrometric analysis revealed similar
peptide composition and an in vivo “on-target, off-tumor” toxicity experiment with
endotoxin injection into tumor bearing mice indicated that the observed anti-tumor
effect originated by endotoxin contamination.

This finding is in line with the literature, which describes an improved anti-tumor
response by low doses of endotoxin infusion one day after ATT [218, 219]. The
mechanism behind this could be explained by toll like receptor 4 (TLR4) expression on
tumor cells. Especially the used MB49 tumor expresses TLR4 on his surface and
shows no or decelerated tumor growth in tumor-bearing C57BL/6 or TLR4'Ps-%¢! mice
treated with lipopolysaccharides (LPS). A potential signal pathway might be secreted
IFNy and IL6 due to TLR4 stimulation with LPS. This stimulates dendritic cells to
express TNFa and IL12, which activates CD4 T cells and promote a Thl response

against the growing tumor [220] (summarized in Figure 29).
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These findings were in line with published data and supported them with
bioluminescent imaging showing stronger T cell infiltration into tumor tissue triggered

by LPS infusion.

LPS Tumor IFNY

i

\ I\ T cells
Q.

Dendritic

Cell

Figure 29. Schema of potential mechanism behind lipopolysaccharide signal cascade. LPS = Lipopolysaccharide,
TLR4 = Toll like receptor 4, IL = Interleucin , IFN = Interferon, 1) LPS binds on TLR4 expressing tumor cell. 2)
IFNbeta secretion and other modulators of dendritic cell (DC) activity. 3) IFNbeta can restore the IL12-secreting
capacity of DCs at the site of inoculation, improving their maturation state. 4) DCs promote a Tl response against
the growing tumor. Adapted from Nunez et al. 2011.
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6.2. Modified T cell expansion for ATT

One aim of this project was to set up a T cell expansion protocol for ATT to up-scale
the generation of long-term surviving T cells with high effector potential. This is
important for ATT, because dropouts in clinics are due to manufacturing, lacking
persistence of adoptively transferred T cells or rapid disease progression. TCR-
engineered T cells in particular are compromised by their limited persistence and
expansion [221]. It is therefore important to optimize recent expansion methods in
order to generate sufficient amounts of transplantable T cells. Furthermore, this will
maintain the possibility of performing a later second donor lymphocyte infusion (DLI)
with long-term expanded T cells, if the first infusion does not approach the desired
clinical outcome. Another promising avenue for ameliorating ATT is the treatment with
CDA4 T cells. Antitumor immunoreaction has primarily been described for CD8 T cells,
while the awareness of cytotoxic CD4 T cells increased in the past few years, due their
interactions with Fas- Fas-L, perforin or granzymes [222].

6.2.1. IL15 and IL27 as a novel cytokine cocktail for enhanced T cell
expansion

In order to generate potent CD8 T cells by a feasible expansion protocol, a new
cytokine combination was tested using IL27. Initial experiments with IL27 showed
higher expression of granzyme B, which is in line with published data [177], but the
culture did not last long and nearly all T cells became apoptotic. IL27 has also
described as enhancing the expression of memory precursor-like effector cell markers
like Bcl-6, SOCS3, Sca-1 and IL-10 in CD8 T cells and favoring the early differentiation
of CD4 T cellsinto TH1 [175, 176, 193], so it remained a promising candidate. Together
with IL15, which is known as growth factor for T cells and to promote their survival
[223], it was possible to establish a new cytokine combination. By using this novel
protocol, T cells with a mainly Tcm phenotype could be generated accompanied by
stronger CD4 and CD8 T cell expansions compared to the established protocol with
IL7/1L15.

Further in vitro analysis did not show any strong deterioration in expression of stem
cell associated surface markers or cytokine expression after re-stimulation, using

IL15/IL27. These results were different to previous studies showing that IL27 promoted
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IFNy expression in CD8 T cells and a TH1 differentiation for CD4 T cells [175, 176,
193]. This discrepancy might result from the combination of IL27 with IL15. The
homeostatic effect on memory T cells [224, 225] might potentially decelerate cytokine
expression, compared to IL27 alone. However, T cells expanded with IL15/IL27 did not
show suppressed suppressive functions as IL10 expression as described by

Murugaiyan et al. [226].

In-depth analysis via transcriptome sequencing did not feature any significantly
different expressed gene between the IL7/IL15 and IL15/IL27 expanded cells. The
functional differences we have detected might be due to posttranslational effects, a
potential dominant effect of IL15, which drowns transcriptional effects of IL7 or IL27 or
the fact, that the receptors of IL7, IL15 and IL27 phosphorylate all JAK1 followed by
similar transcriptional pathways [227, 228]. Another explanation could be that at the
time of RNA isolation (week 1 vs. week 3/4) there was no difference in the expansion
kinetics of the cells when comparing IL7/IL15 with IL15/IL27 (described in 4.2.2). In
summary, these findings suggest a novel potent expansion condition regarding
enhanced T cell expansion with maintained Tcm/Tscm properties, but further
investigations (e.g. in epigenetic differences, further cytotoxic analyses, etc.) are

needed.

6.2.2. Long-term expanded T cells are enriched and revealed a stable
Tcm/Tscm phenotype profile
For T cell expansion it is well established to use IL2 as growth factor, but in the past
decade this routine has been modified by homeostatic cytokines like IL7, IL15 and IL21
[80, 229, 230]. It has emerged that it is possible to shift the T cell phenotype towards
Tcm/Tscm by using IL7/IL15 for expansion [134, 137, 138, 231]. It could also be shown
that IL7/IL15 promotes better growth and homeostatic properties than IL2 [78, 135],
and improved ATT efficacy [232]. However, Gong et al. have recently demonstrated
that for NY-ESO-1-specific T cells, IL7/IL15 culture does not unrestrictedly improve
T cell properties, compared to IL2 culture, indicating that each genetic modified T cell
product needs its own adapted and optimized expansion protocol [233]. With exception
of Cieri et al, all expansion protocols have in common that they extend over a maximum
period of two weeks. Long-term expansion was studied by Cieris group in order to test
the expansion potential of individual T cell subsets, but detailed data about longitudinal
changes in T cell transcriptome, phenotype and function are lacking. It was thus the
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aim of this PhD project to understand not only the expansion potential of T cells over
a period above two weeks, but at the same time to investigate in detail the longitudinal
changes of transcriptome and the function of Tcm cells during long-lasting expansion
over four weeks. For reasons of comparability with previous studies from Cieri and
Pulko [134, 195], the clinical relevance due to already established clinical protocols
with IL7/IL15 and the fact that transcriptomic signatures of IL7/IL15 and IL15/IL27 did
not show any difference in gene expression, the detailed investigations were

performed with IL7/IL15 expanded T cells.

Cieri et al. long-term expanded murine and human CD8 T cells from healthy donors
over four weeks. As published, this resulted in significantly an increased Tcm cell count
of LT compared to ST CD8 T cells. Expansion of murine CD4 T cells was also
practicable for three weeks, but the net yield of ST and LT CD4 T cells was almost the
same. Interestingly, human CD4 T cells from healthy donors demonstrated a significant
increase over time. Only few studies have shown differences in murine and human
T cell differentiation or priming, but differences in the in vitro expansion potential of
CD4 T cells has not yet been described [234].

Recently, Zhang et al. defined IL2 expansion over 10 days as long-term expansion and
reported terminal T cell differentiation and reduced CAR T cell function [235]. This PhD
project has demonstrated that a genuine long-term expansion with IL7/IL15 can boost
CD8 and CD4 T cell differentiation into desired Tcm and Tscm phenotypes represented
by increased expression levels of CD44, CD62L, CD122, Scal, Bcl-2 and CXCR3 for
murine T cells and CD45Ro, CCR7 for human T cells. This study is the first to elucidate
the gene expression profile of long-term expanded memory T cells. Thus, RNA
sequencing data of ST and LT CD8 and CD4 Tcm cells were compared with published
signatures of murine and human T cell subtypes also specified by cell surface markers
of CCR7 and CD45R0O/CD45RA or CD44 and CD62L [134, 139-141, 195, 196]. These
comprehensive comparisons by unsupervised hierarchical clustering and principal
component analysis revealed that both ST and LT CD8 Tcm cells were closely related
to CD8 Tcm, Tscm and Wnt pathway-induced CD8 Tscm subsets. ST and LT CD4
Tcm cells were most closely associated with CD4 Tcm and naturally or Notch-induced
CD4 Tscm subsets emphasizing a stable profile over time. Moreover, the entire
transcriptome of ST and LT Tcm cells was compared and 2786 altered genes during
CD8 and 912 altered genes during CD4 T cell expansion were found. This revealed,
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that over half of the differently expressed genes in CD4 T cells were analogously
deregulated in CD8 T cells. The large overlap indicates specific T cell gene alterations
induced by expansion with IL7 and IL15. Additional GO term enrichment analysis
highlighted down-regulated gene pathways known to be key regulators of proliferation
and cell cycle in both LT CD8 and CD4 T cells that might be an explanation for the
plateaus of the expansion curves. A corresponding cell cycle arrest has already been
described for IL15-induced memory-like CD8 T cells by Carrio et al. [231]. Moreover,
LT CD8 and CD4 T cells highly down-regulated genes associated with immune
checkpoint inhibition (Cd200, Pdcdl, Lag3) [203, 204] and T cell dysfunction (Dusp4,
Tox and Nr4al) [205-208], suggesting the absence of culture-induced T cell
dysfunction. In summary, the longitudinal phenotypical and molecular analyses
indicate that a prolonged expansion using IL7 and IL15 enhances T cell expansion with
desired Tcm/Tscm phenotype and largely preserved transcriptional activity.

6.2.3. In vitro and in vivo analyses of long-term expanded T cells
demonstrate feasibility for ATT
Next, the in vitro function of ST vs. LT murine and human T cells was tested and similar
proliferation capacity, apoptosis susceptibility and up-regulation of TIIRs upon
polyclonal stimulation with antiCD3/CD28 were observed. Furthermore, a higher IL2,
IFNy and granzyme B production in re-stimulated LT CD8 and CD4 T cells was found.
The TNFa expression was enriched only in murine LT CD8 T cells. Human CD8 and
CD4 T cells from healthy donors showed increasing IFNy and TNFa expression over
the first three weeks, with subsequent cytokine decrease, achieving the expression
level of ST T cells (except for TNFa in CD8 T cells), which suggests an enhanced

in vitro T cell function for three weeks and stably expression until week 4.

A clear correlation between the engraftment and persistence of adoptively transferred
T cells and the clinical outcome has been shown by several studies [25, 236-238]. It
has also been shown that short-term T cell expansion with L2 exhibits improved T cell
survival capacity, expansion and anti-tumor activity in vivo compared to long-term
expanded T cells [128, 235, 239, 240]. This study revealed a significant increase of
T cell numbers available for ATT by long-term expansion and that this could be attained
without loss in T cell functionality via IL7/IL15 expansion. In vivo properties for
engraftment, persistence and anti-tumor activity of ST and LT T cells were compared
under lymphopenic conditions by taking advantage of the bioluminescent
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dual-luciferase reporter mouse called BLITC, enabling simultaneous monitoring of
migration, expansion and activation of adoptively transferred T cells in situ [92].
Engraftment, persistence and antigen encounter functionality were potent for ST and
LT CD8 T cells without loss of strength during long-term expansion. Even with
constitutive antigen challenge of ST and LT MH-BLITC T cells into male recipients it
was possible to measure their homeostatic presence and demonstrate strong
persistence over three months. The engraftment and persistence capacity of CD4
T cells was even stronger compared to CD8 T cells. This might result from the T cell
culture, which, among other genes, down-regulates LAG3. Published research has
reported that T cells from LAG3” showed increased expansion in ATT-recipients
(Workman et al. 2004). Anti-tumor activity was tested in different tumor models. The
ability of ST and LT H-Y transgenic CD4 and CD8 T cells and TCR-1 transducer CD8
T cells to eradicate target antigen expressing tumor cells in immunosuppressed mice
was also comparable between both groups, suggesting stable Tcm/Tscm-like
properties and a preserved effector function of adoptively transferred murine LT T cells.
Further functional analysis of ST and LT human T cells in vivo - for instance transfer
experiments in NOD/SCID mice — have not yet been performed. Nevertheless, the
revealed findings on cytokine expression are similar to what was observed for the
murine T cells, implying strong functionality of LT human T cells to provide effective
cytotoxic anti-tumor activity. These findings will have to be tested with material from
potential ATT patients, e.g. DLBCL patients with refractory immune checkpoint
therapy. As dropouts in clinical trials were due to failure of CAR T cell expansion, the

clinical need for ameliorated T cell expansion is obvious [70-72].
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Figure 30. Schema of summerized properties compared between ST and LT. Cytokine secretion, vitality, in vivo
functionality as engraftment, persistence and anti-tumor activity and the expression of Tcm/Tscm-like surface
markers are retained during long-term T cell expansion, compared to short-term expanded T cells. Consequently,
total T cell number increases significally during long-term expansion.

In summary, this work shows the practicability of manufacturing an increased number
of desired CD4 and CD8 T cells with Tcm/Tscm-like properties feasible for ATT by
means of a prolonged expansion with the cytokines IL7/IL15 (see Figure 30). Although
elongation of GMP-compatible expansion is certainly cost-intensive, it could be an
option for low-expanding T cells, e.g. those originating from pre-treated DLBCL
patients. Another option would be to produce a backup T cell graft for a second infusion

in case of failed engraftment or in order to boost anti-tumor activity.
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7. Abstract

Adoptive T cell therapy (ATT) is a promising cancer immunotherapy. However, targeting a tumor antigen
also expressed in peripheral tissues harbors the risk of ,on-target, off-tumor® toxicity. Furthermore, ATT
is highly dependent on the rapid generation of sufficient numbers of tumor-reactive T cells, for which
activation and expansion of T cells is indispensable. The properties of the final cell product decisively
determine the success of ATT. Central memory T cells (Tcm) and stem cell memory T cells (Tscm) are
valuable candidates for ATT because of their ability to self-renew and differentiate into potent effector
T cells.

Different questions were addressed using the unique bioluminescence imaging of T cells (BLITC)

reporter system, which is able to monitor T cell migration and activation patterns in vivo.

1) Shifting the balance between “on-target, off-tumor” toxicity and Graft versus Tumor (GvT) within
the HY minor histocompatibility antigen mismatch model by treatment with lymphocyte Peyer’'s
patch adhesion molecule (LPAM)-1. Reduced T cell infiltration into the mesenteric tissue was not
traceable in bioluminescence measurements and treatment with LPAM-1 antibody did not lead to

an ameliorated “on-target, off-tumor* toxicity.

2) Expanding T cell numbers and effector functionality by using the new cytokine combination
IL15/1L27. Thus, IL15/1L27 expanded T cells were compared with IL7/IL15 expanded T cells, which
is already in use for some clinical trials. The present PhD project demonstrated a doubling of T cell
numbers with retained cytokine expression in vitro compared to IL7/IL15 expanded T cells.
However, comparison of whole transcriptome signatures did not show significant differences in

gene expression.

3) Extended T cell expansion with IL7/IL15 revealed enhanced yield of Tcm cells without lacking
T cell functionality. Long-term (LT) T cell expansion was compared with commonly used short-
term expanded T cells regarding in vitro cytokine expression, expression of T cell inhibiting
receptors (TIRs), apoptosis and proliferation capacity. Further longitudinal changes of the Tcm
transcriptome were characterized by RNA sequencing and revealed a high overlap of CD8 and
CD4 up- or down-regulated genes over time. This might occur due to LT expansion, but in vivo
analysis of LT T cells demonstrated preserved engraftment, persistence, proliferation and anti-

tumor capacities. It was possible to confirm in vitro findings for human T cells.

This thesis demonstrates a feasible manufacturing protocol by simply using the cytokines IL7/IL15 for
extended T cell expansion resulting in significant increased numbers of favorable T cells with central
memory or stem cell like properties and widely preserved T cell functionality. This could be of clinical
relevance for hampered T cell manufacturing or for providing an optional second donor lymphocyte

infusion.
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8. Zusammenfassung

Die adoptive T-Zelltherapie (ATT) ist eine vielversprechende Krebsimmuntherapie. Allerdings birgt das
spezifische Angreifen von Tumorantigenen oftmals das Risiko, dass diese Antigene auch auf anderem
Gewebe exprimiert sind und es somit zu einer "on-target, off-tumor" Toxizitdt kommen kann. Fur den
Erfolg der ATT sind Produktionsdauer und die Eigenschaften des T-Zellprodukts mitentscheidend.
Zentrale Gedachtnis-T-Zellen (Tcm) und Stammzellen-Gedachtnis-T-Zellen (Tscm) stellen aufgrund
ihrer Fahigkeit zur Selbsterneuerung und reaktiven Differenzierung zu potenten Effektor-T-Zellen hierbei
wertvolle Kandidaten fiir die ATT dar. Uber das Biolumineszenz-Imaging von T-Zellen (BLITC)-
Reportersystem, das die Verlaufsbeobachtung von Migration, Expansion und Aktivierung adoptiv

transferierter T-Zellen in vivo ermdglicht, wurde Folgendes untersucht:

1) Die Verschiebung der "on-target, off-tumor" Toxizitat und Transplantat-gegen-Tumor (GvT)-
Aktivitat innerhalb des HY-Antigen-Modells mittels spezifischer Antikérperblockierung von
Lymphozyten Peyer's Patch Adhasionsmolekil (LPAM)-1. Eine reduzierte T-Zellinfiltration in
intestinales Gewebe war bei den Biolumineszenz-Messungen nicht nachweisbar und die
Behandlung mit dem LPAM-1-Antikérper fuhrte nicht zu einer verbesserten

"on-target, off-tumor" Toxizitat.

2) Erhéhung der T-Zellzahl und der Effektorfunktionalitéat mittels neuer Zytokinkombination
IL15/IL27. Dazu wurden T-Zellen nach Expansion mit IL15/IL27 versus IL7/IL15, einer
Standardkombination in klinischen Studien, verglichen. In der vorliegenden Promotionsarbeit
zeigte sich eine Verdoppelung der T-Zellzahl nach IL15/IL27 Expansion bei vergleichbarer
Zytokinexpression in vitro — verglichen mit IL7/IL15 expandierten T-Zellen. Der Vergleich von

Transkriptomdaten zeigte allerdings keine signifikanten Unterschiede in der Genexpression.

3) Die Verlangerung der T-Zell-Expansion mit IL7/IL15 ergab eine erhéhte Ausbeute an Tcm-
Zellen bei gleichbleibender T-Zell-Funktionalitéat. Die verlangerte (LT) T-Zellexpansion wurde
mit den Ublicherweise verwendeten kurzzeitig (ST) expandierten T-Zellen hinsichtlich der in vitro
Zytokinexpression, der Expression von T-Zell-inhibierenden Rezeptoren (TIRs), der Apoptose
und der Proliferationskapazitat verglichen. Weitere longitudinale Veradnderungen des Tcm-
Transkriptoms wurden durch RNA-Sequenzierung charakterisiert und zeigten eine hohe
Uberlappung der CD8 und CD4 hoch- oder runter-exprimierten Gene. In vivo Ergebnisse bzgl.
Anwachsen, Persistenz, Proliferation und Anti-Tumor-Kapazitdét der T-Zellen waren

vergleichbar. Die in vitro Ergebnisse konnten fir humane T-Zellen bestatigt werden.

Die vorliegende Arbeit zeigt ein praktikables Herstellungsprotokoll fur eine Langzeit T-Zell Kultur durch
die Standardkombination IL7 /IL15, mit dem eine signifikant erhdhte Anzahl bevorzugter T-Zellen mit
Gedachtnis- oder Stammezell-dhnlichen Eigenschaften und einer weitgehend erhaltenen T-Zell-
Funktionalitat erzielt werden kann. Die Ergebnisse sind von klinischer Relevanz fir schlecht

expandierende T-Zellen oder fiir die Bereitstellung einer optionalen zweiten T-Zellinfusion.
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12. Appendix

Appendix Table 1 List of abbreviations

Abbreviation

Full name

ALL
allo-HSCT
APC
ATT
BLI
BLITC
CAR
cLN
CRS
CTLA-4
DC
DLBCL
DLI
dLN

DMEM

EBI3
ELISA
FACS
FasL

FDA
FITC

GSK3p
GvHD
GvT
HLA
HPLC

ICI

IEL
IFNy

IL15Ra
IL2/7/15/27
iLN

iv

LCMS
LPAM-1
LPS
MAdCAM-1
MAGE-A3

Acute lymphoblastic leukemia
Allogeneic-Hematopoietic stem cell transplantation
Antigen presenting cell

Adoptive T cell therapy

Bioluminescence imaging

Bioluminescence imaging of T cells
Chimeric antigen receptor

Cervical lymph nodes

Cytokine release syndrome

Cytotoxic T-lymphocyte-associated protein-4
Dendritic cells

Diffuse large B-cell lymphoma

Donor lymphocyte infusion

Draining lymph nodes

Dulbecco's Modified Eagle's Medium

Epstein-Barr virus induced gene-3
Enzyme-linked immunosorbent assay
Fluorescence-activated cell scanning
Fas-Ligand

Food and drug administration
Fluorescein isothiocyanate

Glycogen synthase kinase 3 beta
Graft-versus-Host disease
Graft-versus-Tumor

Human leukocyte antigen

High performance liquid chromatography

Immune checkpoint inhibitor

Intraepithelial lymphocytes
Interferon gamma

Interleukin 15 receptor alpha

Interleukin 2/7/15/27

Inguinal lymph nodes

Intravenously

Liquid chromatography-mass spectrometry
Lymphocyte Peyer's patch adhesion molecule
Lipopolysaccharides

Mucosal addressin cell adhesion molecule-1
Melanoma-associated antigen-3
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MART-1 Melanoma-associated antigen recognized by T cells
MH Matahari

MHC (I&I1) Major histocompatibility complex

ML Marilyn

mLN Mesenteric lymph nodes

MS Multiple sclerosis

NFAT-CBR Nuclear factor of activated T cells-Click beetle luciferase
NK Natural killer cells

NKT Natural killer T cells

NY-ESO-1 New York esophageal squamous cell carcinoma-1
PBA Phosphate buffered saline with BSA

PBS Phosphate buffered saline

PCA Principal component analysis

PCR Polymerase chain reaction

PD-1 Programmed cell death protein-1

PDL-1 Programmed cell death ligand-1

PML Progressive multifocal leukoencephalopathy
PSMA Prostate-specific membrane antigen

REP Rapid expansion protocol

Rluc Renilla luciferase

ROI Region of interest

RT-PCR Reverse transcription PCR

STAT1/3 Signal transducer and activator of transcription-1/3
SV40 Simian virus 40

SVFv Single-chain variable fragment

TAA Tumor associated antigen

TAQ Large tumor antigen

Tcm Central memory T cells

TCM T cell media

TCR T cell receptor

TCR-I TAg-specific T cell receptor

Tem Effector memory T cells

TIL Tumor infiltrating lymphocyte

TIR T cell inhibiting receptor

TNFa Tumor necrosis factor alpha

TPM Transcripts per million

Tscm Stem memory T cells

WT Wildtype
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Appendix Figure 1 Antigen loss in outgrowing tumor. WR21 tumors in albino RagkO mice
were treated with 1e6 ST or LT H-Y specific CD8 Tcm cells per mouse. Uty expression was

determined via RT-PCR. Hprt was used as internal control.
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Appendix Table 2 List of detected peptides via LCSM. K1-3 = purchased antibody; M1-3 = self-produced antibody

P20760;05M P20760;05M g gamma-2A lgg-2a;g6-2:>5p | P20760 |GG

P01836;P018 PO1836 Iz kappa chain C region, A »sp|P01836 |KACA
PAB462 PABA62 Transitional Vep >5p|PAB462 | TERA
D3ZWE  D3ZIWE rCG_21066 >tr|D3Z)W6|D3Z)\

P01805 PO1805 |z heavy chain V region IRZ>sp|PO1805 |HVRO

CON__QO5B:CON__Q05B55 >Q05B55 TREMBL.
CON_POA26 CON_P0426 Keratin, type Krtl >P04264 SWISS-PR
CON_POD7E CON_POC761 SPO0761 SWISS-PR

CON__ENSEN CON__ENSEMBL:ENSBTAPOO000024 466, >ENSEMBL:ENSBT,
DAAB5S;A0A(D4AGISA0A0G2IZQ5  Zfp532 >1r| D4AB5S | D4AG!

ADADG2IYTS ADAOGIYTS >tr| ADAOG2 )Y TS| A
CON_QIRM CON_QIRMNS >QIRMNS TREME
CON__P3552 CON__P35527 >P35527 SWISS-PR
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Appendix Table 3 List of significantly up- or down-regulated genes between ST
and LT Tcm transcriptomes (detailed analysis setup in section 4.1.7)

CD4 up

CD8 up

CD4 down

CD8_down

both_up

both_down

1190002N15Rik

1110034G24Rik

1700067KO01Rik

1500009L 16Rik

1700029J07Rik

2410004PO3Rik

1700029J07Rik

1700001C19Rik

2410004P03Rik

1700012D01Rik

1810010D01Rik

2610524H06Rik

1810010D01Rik

1700025G04Rik

2610524H06Rik

1700066B19Rik

1810024B03Rik

2700081015Rik

1810011H11Rik

1700029J07Rik

2700081015Rik

1810010H24Rik

5730409E04Rik

4932438H23Rik

1810024B03Rik

1810010D01Rik

2900026A02Rik

1810037117Rik

9330151L19Rik

A930011G23Rik

3830408C21Rik 1810024B03Rik 4932438H23Rik 1810055G02Rik Abhd14b Aacs
5730409E04Rik 2010005H15Rik A930011G23Rik | 2410004P03Rik Acad10 Aars
9330151L19Rik 2010300C02Rik Aacs 2610318N02Rik Acad12 Abhd17c
Abca5 2210416015Rik Aars 2610524H06Rik Acp5 Acat2
Abhd12b 2300009A05Rik Abhd17c 2700049A03Rik Acpp Acsl3
Abhd14a 2510009E07Rik Acat2 2700081015Rik Acvr2a Adk
Abhd14b 2810021J22Rik Acsl3 4930404N11Rik Adatl Aida
Abhd15 2810474019Rik Adamts3 4930503L19Rik Adgre5 Ajuba
Ablim2 4430402118Rik Adk 4930579G24Rik Adgrg3 Akapl2
Acadl10 4930548H24Rik Adora2b 4932438H23Rik Ago3 Aldh2
Acadl12 4932438A13Rik Agpat4 6430531B16Rik Al429214 Ankrd9
Acp5 4932443119Rik Aida 6720489N17Rik Al661453 Anp32b
Acpp 5730409E04Rik Aifl 9530077CO05Rik Alox5 Apobec2
Acsf2 6430550D23Rik Ajuba A730008H23Rik Amigol Armcx6
Acss2 9130008F23Rik Ak6 A830010M20Rik | Ank Atad5
Acvr2a 9330151L19Rik Akapl2 A930011G23Rik Ank1 Atcay
Adatl A430078G23Rik Akricl8 Aacs Arap2 Atrnll
Adgre5 A630001G21Rik Alcam Aars Arl4c Bardl
Adgrg3 AA467197 Aldh2 Abca3 AW554918 Bcatl
Agbl3 Abcbla Ankrd9 Abcg?2 AXin2 Bcl3
Ago3 Abcb4 Anp32b Abhd10 Bachl Bcl9
Agpat2 Abccl0 Apcddl Abhd17c BC049715 Bclaf3
Al429214 Abcch Apobec2 Abi2 Bend6 Bhihb9
Al661453 Abcgl Arhgef10 Ablim2 Btbd1l Bim
Aldh6al Abhd14b Armcx1 Acad| C030006K11Rik | Cand2
Aloxb Abi3 Armcx3 Acat2 C87436 Capn3
Amigol Abi3bp Armcx6 Ace Camk2n1 Casp3
Amzl Ablim3 Atad5 Acsl3 Carl2 Chx2
Ank Abr Atcay Actn2 Car7 Ccdc141
Ankl Acad10 Atp9a Ada Ccdc136 Ccdch0
Aoc2 Acadl2 Atrnll Adamtsl5 Ccdc38 Ccnel
Appl2 Acp5 B4galt5 Adapl Cd200r4 Ccne2
Arap2 Acpp Bambi Adarbl Cdhl Ccrl2
Arhgap23 Acrbp Bardl Adcy6 Cdk14 Cd200
Arl4c Acvr2a Baspl Adgrll Cdkn2b Cd5
Asph Adamla Batf Adk Chrnb2 Cd6
Atrn Adam4 Bcasl Afapl Cipc Cd81
AW554918 Adatl Bcatl Agbl2 Cnhd2 Cd86
Axin2 Adcy7 Bcl2alb Agfg2 Cnpyl Cdc25a
B3galntl Adgre5 Bcl3 Ahcy Cntnapl Cdc42ep4
B4galnt4 Adgrg3 Bcl9 Aida Col20al Cdc7
Bachl Adgrg5 Bclaf3 Aigl Cog8a Cdca4
Bbofl Adrbl Bhihb9 Aipll Crebl2 Cdh24
BC005561 AF529169 Bicdl1 Ajuba Ctnnd2 Cdk2
BC048403 Agapl BIm Akl Cuxl Cdtl
BC049715 Ago3 Cand2 Ak2 Cxcré Cenpa
Bend6 Ago4 Capn3 Akap12 Cyb5d2 Cep72
Bpifb4 Ahnak Car5b Akipl Cybbrl Cfap77
Bthd1l Ahrr Card9 Alad Cyp4fi3 Chchd10
C030006K11Rik Al429214 Casp3 Aldh1l2 CYTB Chrm4
C2 Al661453 Casp8 Aldh2 Diaph2 Clic4
C530008M17Rik Aifm2 Charp Aldh5al Discl Cnn3
C87436 Akap8l Chlb Aldh7al Dlg5 Coro2a
Camk2nl Aktlsl Chx2 Alg6 Dmrtal Cox6b2
Carl2 Alkbh4 Chx6 Alg8 Dnahl11 Csrpl
Car7 Alox5 Ccdc141 Almsl Dnajc28 Ctla4




Ccdc136 Alox8 Ccdc28b Alpkl Dnhdl Ctnnbipl
Ccdc38 Amigol Ccdc50 Alpk2 Doc2g Cul7
Ccr2 Ank Ccnel Alyref Dok7 Dbf4
Cd200r1 Ankl Ccne2 Anapcl5 Dse Dbi
Cd200r4 Ankrd23 Ccrl2 Anapch Dtx4 Dclk2
Cd7 Anks3 Cd200 Angptl2 Dusp23 Dek
Cd93 Anks6 Cd248 Angptl6 Dusp3 Dhcr7
Cdhl Antxr2 Cd24a Anklel Dyrk4 Dhfr
Cdk14 Anxal Cd5 Ankrd13b Echdc2 Dlg3
Cdk18 Ap3m2 Cd6 Ankrd29 EmI6 Dna2
Cdkn2b Ap5z1 Cdsl Ankrd9 Enpp2 Dnajc9
Celf4 Aplp2 Cdsé Anlin Enpp4 Dnmtl
Chils Apobr Cdcl4a Anp32b Enpp5 Dnmt3a
Chrnb2 Apol10b Cdc25a Anp32e Evi5 Dpysl2
Cipc Apol7b Cdc42ep4 Anxa2 Fam120c Drp2
Cldn12 Apol7e Cdc7 Apls3 Fam83h Dsnl
Cleclla Agp9 Cdcad Ap3sl Fat3 Dusp4
Clstnl Ar Cdcpl Apip FbxI2 E2f2
Cnbd2 Araf Cdh24 Aplf Fndc10 Emel
Cnpyl Arap2 Cdh5 Apln Frg2fl Enkdl
Cntnapl Arhgap25 Cdk2 Apobec?2 Frmd4a Eno2
Col20al Arhgap4 Cdkn2d Apoldl Fut8 Epb41l2
Comp Arhgap45 Cdtl Apon Fvl Ephx1
Cog8a Arhgap6 Cenpa Apoo Gab3 Erccél
Crebl2 Arhgefl8 Cep72 App Gem2 Ets2
Cregl Arhgef4 Cfap77 Arf2 Gent2 Extl3
Ctnnd2 Arlda Chchd10 Arfgef3 Ggnbpl Fabp5
Cuxl Arl4dc Chptl Arhgaplla Gm1043 Fah
Cxcré Armc2 Chrm4 Arhgap19 Gm20219 Fanca
Cyb5d2 Armc7 Chst15 Arhgap29 Golml Fanch
Cyb5rl Art2b Chst2 Arhgap33 Gprl37b Fancm
Cyp27bl Asap2 Clec2i Arhgef25 Gstol Fas
Cyp4fi3 Ash13 Clic4 Arhgef39 Gucalb Fbxo5
CYTB Asb2 Cnn3 Arhgef40 Hcn3 Fdftl
Daglb Ashil Coro2a Arhgef9 Hcst Fdps
Dapk?2 Atf7 Cox6b2 Arlll Hercl Fenl
Dbndd?2 Atg2a Cradd Arl6 Hist3h2a Fkbp11
Dennd5a Atnl Csrpl Arl6ipl Hoxb4 Fut4
Dgkh Atp6vOal Ctdspl Arl6ip6 Hpgds Fxn
Diaph2 Atp6vOc Ctla4 Armcx6 Hsd17b11 Gamt
Discl Atp8a2 Ctnnbipl Arntl2 Icamb Ginsl
Dlg5 AW146154 Cttn Arrdc3 Ifitm10 Gins2
Dmrtal AWS549877 Cul7 Arsh Impact Gmnn
Dnahl11 AW554918 Cxcl10 Arsg Itgal Gnb4
Dnajb4 Axin2 Dbf4 Art4 Kctd15 Gpldl
Dnajc28 B3galt2 Dbi As3mt Kirrel Gsttl
Dnhdl B3galtb Dcakd Asap3 Klra2 Gtf2irdl
Doc2g B4galnt2 Dclk2 Ash16 Kmt2d H2afv
Dok?7 B4galt4 Ddx43 Asflb Llcam Haus4
Dopeyl B4galt7 Dek Asns Largel Hectd2
Dphl B630019K06Rik Dhcr7 Aspm Lcnl2 Hells
Dgx1 Bace2 Dhfr Atad2 Ldlrad4 Helg

Dse Bachl Dlg3 Atad5 Leng8 Hifla
Ditx4 Baiap3 Dna2 Atcay Lilrbda Histlhla
Dusp23 Bbc3 Dnajc9 Atf3 Lpar6 Histlhld
Dusp3 Bbs9 Dnmtl Atf4 Lpcat2 Histlh2ab
Dyrk4 BC024978 Dnmt3a Atf5 Lrrc24 Histlh2ag
E2f5 BC025920 Dpysl2 Atl2 Man2a2 Histlh2ak
Echdc2 BC029722 Drp2 Atpl3a3 Maneal Hist1h2bb
Eda2r BC030336 Dsnl Atplbl Mcoln2 Histlh3e
EmI6 BC037034 Dtymk Atplb2 Mdnl Hist1h3g
En2 BC049715 Duspl4 Atpifl Meis3 Hist1h3i
Enpp2 Bckdhb Dusp4 Atrnll Metapld Histlh4b
Enpp4 Bcl2l11 E2f2 Aunip Mettl27 Hist1h4f
Enpp5 Bcl6 Ebi3 Aurka Mettl7al Hmgh2
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Ermap Bend6 Ecml Aurkb Mthfsd Hmgh3
Esrrb Birc6 Efnad Azinl Myl10 Hmgcr
Evi5 Blcap Egr3 Azin2 Myo018b Hmgcsl
Exdl Bmprla Ehhadh B230217C12Rik Myo3b Hmgn3
Fam120c Borcs8 Emel B4galnt4 Naip2 Hmgn5
Fam129a Brpf3 Enkdl B4galt2 Naip5 Hnrnpd
Fam222a Brwdl Eno2 B9d1 Nbeall Hspal2a
Fam83h Btbdl1l Epb41l2 Baiap2 ND4 Hspadl
Fat3 Btbd16 Epcam Banfl ND5 1dh2
FbxI2 Btc Ephb6 Bardl Nedd4 1gf2bp3
Fgfbp3 Btgl Ephx1 Batf3 Nedd4l 1gsf23
Fgfrl Btg2 Ephx4 Baz2h Nhsl2 lldrl
Fndc10 C030006K11Rik Erccél Bhipl Nipal Incenp
Frg2fl C87436 Ets2 BC030867 Nlirp3 Insigl
Frmd4a Cacng8 Extl3 BC035044 Nmnat3 Iqchl
Fut8 Calcocol Fabp5 BC055324 Nov Irf4

Fvl Camk2b Fah Bcam Nridl Irf6
Gaa Camk2nl Famllla Bcarl Nrld2 Irf8
Gab3 Camkk1 Fam84a Bcatl Nr6al Itgab
Gadd45a Camta2 Fanca Bcl2114 Nt5e Itpka
Ganc Carl2 Fanch Bcl3 Olfml Izumolr
Gem2 Car2 Fancm Bcl6b Olig3 Kdm8
Gent2 Car7 Fas Bcl7c Osginl Kifcl
Ggnbpl Card6 Fbxo44 Bcl9 Ovgpl Kifc5h
Gliprl Cbx7 Fbxo5 Bclaf3 Padi2 Klc3
Gm1043 Ccdc136 Fdftl Begain Pard3 KlhI23
Gm14085 Ccdcl7 Fdps Bend4 Pclo Kpna2
Gm20219 Ccdcl71 Fenl Bex1 Pctp Laccl
Gm29719 Ccdc38 Fgf2 Bex3 Pdelb Ladl
Gm29721 Ccdc88c For Bex6 Pdlim4 Lag3
Gm35315 Ccdc92 Fkbp1l Bhlhb9 Pfkfb2 Ldhb
Gmb5481 Ccl5 Fut4 Birch Pgr Ligl
Gm6109 Ccnd2 Fxn Bim Phf21b Lin9
Gm6570 Ccpgl Gamt Blvrb Pidl Litaf
Gm7429 Ccrb Gemin8 Bmp2k Pigz Lpcatl
Gm973 Cd200r4 Ggt7 Bmp7 Pkd1I3 Lrmp
Gm9958 Cd300If Ggtal Bora Plpl Maged2
Golml Cd46 Ginsl Borcs7 Plxdc2 Magi3
Gprl37b Cdc42bphb Gins2 Brcal Prkcz Manscl
Grasp Cdc42ep3 Gm19463 Brca2 Prkd3 Map3k9
Gstol Cdhl Gm20939 Bricd5 Prkx Map7
Gucalb Cdh13 Gmb5148 Bripl Prr5 Marcksl1
H2-Q10 Cdhr4 Gmnn Brskl Prss16 Mast2
Hcn3 Cdk14 Gnb4 Bstl Psd2 Mboat7
Hcst CdklI2 Gpcl Bthd10 Ptger3 Mcmz2
Heatrba Cdknlb Gpldl Bthd8 Pvrig Mcm3
Hercl Cdkn2a Gpril8 Bubl Pyroxd?2 Mcm4
Hist3h2a Cdkn2b Gpr83 Bublb Qtrt2 Mcm5
Hlcs Cdnf Gsn Bub3 Rab20 Mcm6
Hoxb4 Cdol Gsttl Clqtnfl2 Rab27b Mcm?7
Hpgds Cebpd Gtf2irdl C3 Rab6b Mcu
Hsd17b11 Chd3 H2afv C330027C09Rik Reck Mms22I
Icamb5 Chicl Haus4 Cacnalb Rps19 Mnd1l
Ids Chpf2 Hectd2 Cacnals Rps21 Msh6
Ifitml Chrnbl Hells Cacnb3 Rps28 Msmol
Ifitm10 Chrnb2 Helg Calm2 Rrp12 Mtbp
Ifitm2 Chrne Hemk1 Calm3 Rsadl Mthfd2
Ifitm5 Cipc Hifla Camk4 Rwdd3 Mvd
lgdccd Cited4 Histlhla Cand?2 Sarml Mxra8
11rl1 Clcfl Histlhld Capn3 Shsn Mybl2
Impact Cldnd2 Histlh2ab Capn5 Sec31b Mylpf
Ipo4 Clhcl Histlh2ag Caprin2 Sept8 Nab2
Irgcl Clics Histlh2ai Capsl Sethpl Nasp
Iscal CIn3 Histlh2ak Carl3 Sez612 Ncfl
Itgal Clnk Hist1h2bb Carmill Sgsh Ncsl
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Itga2 Clock Histlh3e Cars Shpk Ndc80
Jag2 Cmklirl Histlh3g Cascl Six3 Ndufa4
Kazald1l Cnbd2 Hist1h3i Casp3 Slc25a27 Neu3
Kcnaé Cnpyl Histlh4b Casp4 Slc25a53 Nmrall
Kcnh5 Cnr2 Hist1h4f Casp7 Slc26all Noxredl
Kctd15 Cnripl Hivep3 Casp8ap?2 Slc26a8 Nrdal
Kifl3a Cntnl Hmgh2 Cass4 Slc7a4 Nr4a3
Kif3a Cntnapl Hmgb3 Chwd1 Sorbs3 Nrbp2
Kirrel Collla2 Hmgcr Chx2 Sorll Nrgn
Kit Col20al Hmgcsl Chx3 Speccl Nsd2
KIf12 Col6a2 Hmgn3 Chx5 Speg Nsdhl
Klra2 Col9a3 Hmgn5 Chyl Stc2 Nsmcel
Klrblc Cog8a Hnrnpd Ccdc106 Ston2 Ntf5
Klrcl Cpeb3 Hsf4 Ccdc114 Suco Nup37
Kmt2d Cpq Hspal2a Ccdc138 Sulf2 Nup62
Llcam Crebl2 Hspadl Ccdcl4 Sult4al Nyapl
Largel Crebrf Hspab Ccdc141 Susd4 Orc6
Lars2 Crispl 1dh2 Ccdc18 Syt6 Pabpcll
Lcnl2 Csf2ra Igf2bp3 Ccdc184 Taz Pcgf5
Ldlrad4 Csnkl1gl Igsf23 Ccdc25 Tdrp Pdcd1
Leng8 Ctnnd2 lldrl Ccdc34 Tfap2a Pdgfb
Lilrb4a Ctsf Incenp Ccdc40 Thbsl Pdk3
Lpar6 Ctxnl Insigl Ccdc50 Tmem176a Phactr2
Lpcat2 Cuedcl Iqchl Ccdc77 Tmem176b Phf19
Lrrc24 Cul9 Irf4 Ccdc85¢ Tmem80 Pkib
Lrrc51 Cuxl Irf6 Ccdc88a Tnfrsf22 Plcll
Lrtm2 Cxcr3 Irf8 Ccdc90b Tnfrsf23 Plek
Lyn Cxcré Isg15 Ccna2 Tnfrsf26 Plekhol
Lyrm9 Cyb5d2 Itgab Ccnbl Tobl Plk4
Man2a2 Cyb5rl Itpka Ccnb2 Tomlll Plppl
Maneal Cyp4fl3 Izumolr Ccnel Tphgl Plxnbl
Map4k5 Cyp4flé Jaml Ccne2 Tpgs2 Plxnd1
Matnl CYTB Kcnh2 Cenf Trim65 Pml
Mcoln2 D130040H23Rik Kcnmb4 Ccnyll Trio Pmvk
Mctpl D3Ertd751e Kdm2b Ccpl10 Trpc6 Pold3
Mdnl D930048N14Rik Kdm8 Cerl Ttl3 Pole2
Meis3 Dalrd3 Kifcl Ccr4 TXnip Pppl1rl6b
Metapld Dand5 Kifc5b Ccr8 Uncba Prim1
Mettl27 Dcdc2b Klc3 Ccr9 Wdr95 Ptgfrn
Mettl7al Dcunld4 Klhi23 Ccrl2 Yesl Ptms
Mex3a Ddx60 Kpna2 Ccsap Zfp420 Ptpn6
Mfsd13b Denndlc Laccl Cdi101 Zfp493 Pxmp2
Mical2 Dennd2d Ladl Cd200 Zfp652 Rasgeflb
Mipoll Dennd4c Lag3 Cd22 Zfp661 Rbl1
Mocos Dglucy Lancl3 Cd4 Zfp950 Rcan3
Mrm1 Dhrs3 Lcat Cd5 Zfp970 Rdh11
Mthfsd Diaph2 Ldhb Cd6 Zfp992 Recql4
Mturn Dirc2 Ligl Cd74 Zrsrl Rfc2
Mtusl Discl Lin9 Cd79b Rfc3
Myl10 Dixdcl Litaf Cdso Rfc5
Myo018b Dlecl Lmin Cdsl Ripply3
Myo3b Dlg5 Lpcatl Cds3 Rnaseh2b
Myo6 Dlgap4 Lrmp Cd86 Rnf168
N6amtl Dmrtal Lyll Cd9 Rnf208
Naip2 Dnah11 Maged2 Cdc20 Rpa2
Naip5 Dnajb14 Magi3 Cdc20b Sass6
Nbeall Dnajh9 Manscl Cdc25a Serinch
Nckapl Dnajc28 Map3k12 Cdc25b Sfmbt2
ND2 Dnhd1 Map3k9 Cdc25¢c Sh3rfl
ND4 Doc2g Map7 Cdc27 Sikl
ND5 Dock4 Marcks Cdc42epd Slamfl
Nedd4 Dok7 Marcksl1 Cdc45 Slc15a3
Nedd4l Dpp7 Mast2 Cdc6 Slcla4
Nhsl2 Dsc2 Mboat7 Cdc7 Slc25a13
Nid2 Dscam Mcm2 Cdca2 Slc31al
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Nipal Dse Mcm3 Cdca3 Slc43al
Nipall Dsg2 Mcm4 Cdcad Slc43a3
Nlrp3 Dsp Mcm5 Cdca5 Slc4all
Nmnat3 Dst Mcmé6 Cdca7 Slc9b2
Nmrkl Dtx1 Mcm?7 Cdca8 Slfn3
Nov Dtx4 Mcu Cdh17 Smch
Npclll Dus3l Mcub Cdh24 Spock?2
Nrldl Dusp23 Micall Cdkl Spredl
Nrld2 Dusp28 Mmd Cdk2 Sqle
Nr2cl Dusp3 Mms22I Cdk2apl St6galnac6
Nr6al Dyrklb Mnd1 Cdkn2c Stag3
Nt5e Dyrk?2 Mov10 Cdkn3 Stk39
Nudt8 Dyrk4 Mrpl27 Cdr2 Stonl
Olfml Dzank1 Mrpl51 Cdtl Susdl
Olfm2 Dzipl Msh6 Ceacaml Syce2
Olig3 Echdc2 Msl312 Cebpg Syngrl
Osginl Eef2kmt Msmol Celf5 Syngr3
Ovgpl Efcab6 Mtbp Celsr2 Thcld7
P4ha2 Egf Mthfd2 Cenpa Tesc
Padi2 Egfl8 Mvd Cenpcl Tetl
Pafah2 Eif2ak3 Mxd1 Cenpe Tex15
Pard3 Elmsanl Mxra8 Cenpf Tg
Parvb Elovl7 Myb Cenph Thoc6
Pcdh19 Eme2 Mybl2 Cenpi Ticam2
Pcdhgh6 EmI5 Mylpf Cenpk Timeless
Pclo EmI6 Nab2 Cenpl Tlcdl
Pctp Enpp2 Nasp Cenpm Tlcd2
Pdelb Enpp4 Natd1 Cenpn Tmcc2
Pde9a Enpp5 Ncfl Cenpo Tmem108
Pdlim4 Entpdl Ncsl Cenpp Tmem120b
Pfkfb2 Entpd6 Ndc80 Cenps Tmem263
Pgr Epx Ndufa4 Cenpt Tmem9
Phf21b Ernl Neu3 Cenpu Tmie
Pid1 Erp27 Nfix Cenpv Tnfrsf4
Pigz Errfil Nmnatl Cenpw Tox
Pkd1I3 Espnl Nmrall Cepl28 Tpmt
Pla2g6 Etfbkmt Noxredl Cep55 Tpstl
Plaur Evi2 Nr4al Cep57 Tribl
Plch3 Evi5 Nr4a3 Cep5711 Trp53inp2
Plcg2 Eya2 Nrbp2 Cep70 Tspan6
Plekha6 Ezhl Nrgn Cep72 Tuftl
Plpl F2r Nsd2 Cep76 Twsgl
Plxdc2 F2ri2 Nsdhl Cep78 Tyms
Plxna4 F830016B08Rik Nsmcel Cep83 Ube2l6
Prkcz Fam109a Ntf5 Cep89 Utpl4b
Prkd3 Faml17a Nudt22 Cersb Vav2
Prkx Fam120b Nup210I Cetn4 Vps37d
Prpf40b Fam120c Nup37 Cfap77 Wdhd1
Prr5 Fam13b Nup62 Chacl Wdr76
Prss16 Fam160a2 Nyapl Chafla Wdr90
Psd2 Fam174b Orc6 Chaflb Zfp101
Ptger3 Fam189b Pabpcll Chchd10 Zfp365
Pts Fam19a3 Panx1 Chd3os Zfp367
Pvrig Fam214a Pcgf5 Chd5 Zfp870
Pyroxd?2 Fam214b Pdcdl Chekl Zgrfl
Qrfp Fam217b Pdgfb Chmi

Qtrt2 Fam241b Pdk3 Chrm4

Rab20 Fam71b Phactr2 Chtf18

Rab25 Fam78b Phf19 Cisdl

Rab27b Fam8la Phldal Cit

Rab6b Fam83b Phlpp2 Ckap?2

Raver2 Fam83h Pik3c2b Ckap2l

Reck Fasl Pkib Ckap5

Rflnb Fastkdl Plagll Ckm

Ric3 Fat3 Plcll Ckslb

103




Riiadl FbxI12 Pld4 Ckslbrt
Rnf130 FbxI2 Plek Cks2
Rnf217 FbxI20 Plekhol Clecl2a
Rpl12 FbxI21 Plk4 Clic4
Rpl2211 Fbx032 Plppl Clip2
Rpl30 Fcrl6 PIxnbl Clip3
Rpl37a Fgd3 Plxnd1 Clspn
Rps19 Fgfl3 Pml Cmc2
Rps21 Fgl2 Pmvk Cmtm?7
Rps28 Fladl Pold3 Cnksr3
Rrm2b Flcn Pole2 Cnn3
Rrp12 Fit3l Popl Cnnm4
Rsadl Fn3k Pou2f2 Cnot9
Rubcenl Fndc10 Ppplrl6b Cntd1
Runx2 Fndc4 Ppp1r26 Cntrob
Rwdd3 Foxol Prim1 Col18al
Sarml Foxo3 Prosl Commd1
Sbsn Foxql Prss2 Cops4
Scn8a Fpgt Psd3 Copz2
Sec31b Fratl Ptgfrn Cog3
Sept8 Frat2 Ptms Coq7
Setbpl Frg2fl Ptpn3 Coro2a
Sez612 Frmd4a Ptpn6 Cox6a2
Sgmsl Fryl Ptprf Cox6bh2
Sgsh Fsdil Pxmp2 Cox7al
Sh2d4b Fut8 Pycard Cpm
Sh2d5 Fvl Rasgefla Cptlc
Sh3bgrl2 Fxyd4 Rasgeflb Cripl
Shb Gab3 Rbl1 Crip2
Shpk Gabbrl Rcan3 Crocc
Six3 Gabrb3 Rdh11 Crybg2
Slc22a4 Galnt10 Recql4 Crybg3
Slc25a27 Galnt11 Rest Cryll
Slc25a37 Galnt14 Rfc2 Cryz
Slc25a53 Gas7 Rfc3 Csell
Slc26all Gbp8 Rfc5 Csrpl
Slc26a8 Gem2 Rgs10 Csrp2
Slc39all Gent2 Ripply3 Cst6
Slc7a4 Gda Rnaseh2b Ctcl
Snx13 Gfra2 Rnf168 Cth
Snx14 Ggnbpl Rnf208 Ctla4
Sorbs3 Gigyfl Rpa2 Ctnnall
Sorll Gimap3 Rtl8a Ctnnbipl
Sp6 Gimap8 Sall2 Ctps
Speccl Gjd3 Sass6 Cul7
Speg Gldc Serinch Cxcl16
Spryd7 Gm1043 Sfmbt2 Cxcrb
Srgap3 Gm10767 Sh3bp2 Cxxch
Sspo Gm12216 Sh3gl3 Cyb561
St6galnacs Gm14305 Sh3rfl Cypllal
Stard9 Gm14325 Sikl Cyp20al
Stcl Gm14432 Six5 Cyp2ul
Stc2 Gm20219 Slamfl Cyp51
Ston2 Gm35339 Slc12a4 Cystml
Suco Gm4070 Slc15a3 D630045J12Rik
Sulf2 Gm42372 Slclad Dao
Sult4al Gm45929 Slc25a13 Dapk1
Suox Gmb527 Slc31al Dars2
Susd4 Gm6904 Slc43al Dbf4
Syt6 Gnaol Slc43a3 Dbi
Sytl3 Gngt2 Slcdall Dcbldl
Taf4b Gnptg Slc9h2 Dck
Tagapl Gns Slfn3 Dclk2
Tarml Golgal Smcb Dclrela
Taz Golm1l Smim3 Dctppl

104




Tdrd12 Gpcl Smo Dcxr
Tdrd3 Gpnl Snn Ddah2
Tdrp Gprl32 Snx25 Ddias
Tfap2a Gpri37b Spin4 Ddn
Tgm7 Gprl5 Spock2 Ddrl
Thbsl Gpr45 Spredl Ddx1
Tiparp Gpr87 Sqle Ddx25
Tlel Gramd3 St3gal2 Ddx39
Tle2 Gramd4 St6galnac6 Dek
Tmal6 Grecl0 Stag3 Depdcla
Tmccl Gridl Stk39 Depdclb
Tmem116 Grina Stonl Dera
Tmem121b Grk3 Stx11 Dgat2
Tmem176a Grk4 Susdl Dgkd
Tmem176b Gripl Sv2a Dgkg
Tmemb55a Gsap Syce2 Dgkh
Tmem80 Gstol Syngrl Dhcr7
Tmem86a Gtf2ird2 Syngr3 Dhdh
Tnfrsf22 Gucalb Synj2 Dhfr
Tnfrsf23 Gvinl Syp Dhrs13
Tnfrsf26 Gzmc Sytll Diaph3
Tobl Gzmd Thcld7 Dio2
Tom1l1l Gzme Thcld9 Dicl
Toplmt Gzmf Tert Dlg3
Tpbhgl Gzmg Tesc Dlgap5
Tpgs2 Gzmm Tetl Dmcl
Trim47 H2afj Tex15 Dmpk
Trimé5 H2-Ke6 Tg Dmwd
Trio Hal Tgif2 Dna2
Trpc6 Hbpl Thoc6 Dnajb3
Trpml Hcn3 Thoc7 Dnajb5
Trpm2 Hcst Ticam2 Dnajc10
Trubl Hdac1l Timeless Dnajc6
Tshz3 Hdhd5 Timp2 Dnajc9
Tspanl3 Heatr9 Tlcdl Dnase2a
Tspan4 Hectd4 Tlcd2 Dnm1
Ttbkl Hercl Tmcc2 Dnmtl
Ttc28 Herc2 Tmem108 Dnmt3a
Ttc4l Hgfac Tmem120b Dnphl
TtlI3 Hicl Tmem173 Dntt
Txnip Hidl Tmem263 Dpfl
Ube2cbp Hist3h2a Tmem9 Dpy30
Uggt2 Hivep?2 Tmie Dpysl2
Ulk2 Hmbox1 Tmprss13 Dpysl5
Unc5a Hopx Tnfrsf4 Drc3
Usp3 Hoxa4 Tnkslbpl Drp2
Vpsi3b Hoxb4 Tnsl Dsccl
Wdr95 Hpgds Tns4 Dsnl
Xpc Hsd17b11 Tox Ditl
Yesl Icam5 Tpmt Dusp10
Zbth10 Ice2 Tpstl Dusp22
Zfp202 ldnk Tram2 Dusp4
Zfp420 ler5 Tribl Dut
Zfp493 Iffol Trp53inp2 Dynltla
Zfp652 Ifitm10 Tspan6 Dynltlf
Zfp661 Ifngr2 Tssc4 Dyrk3
Zfp950 Igf2bp2 Tuftl E130308A19Rik
Zfp970 Igfbp4 Twsgl E2f1
Zfp991 Igip Txndcl6 E2f2
Zfp992 Ikbkb Tyms E2f7
Zfr2 Ikbke Ube2l6 E2f8
Zrsrl 1kzf3 Utpl4b Eaf2
1110rb Vav2 Ect2
1111ral Vps37d Efcabll
1115 Wdhd1 Efcabl12
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1118 Wdr76 Efemp2
1118bp Wdr90 Egfl7
1118r1 Wsh2 Egr2
1127ra Zbtb3 Ehd1
114ra Zbtb32 Ehd2

17 Zfpl01 Ehd4
Impact Zfp286 Eif2s2
Impg2 Zfp365 Eifde
Ing4 Zfp367 Eif4ebpl
Inha Zfp467 Elfn2
Igcd Zfp827 Emel
Irak2 Zfp870 Emilinl
Irgq Zgrfl Enah

Irsl Endou
Itgal Eng
Itgal0 Enkdl
Itga2b Eno2
Itga9 Enppl
Itghl Enthdl
Itgh3 Epb41I12
Itgh7 Epb41I5
Itpr2 Ephx1
Itpripl2 Epn2
Izumo4 Epor
Jade2 Ercl
Jakl Erccél
Jmjd8 Erfe

Jmy Eril

Jun Ermn
K230010J24Rik Esco2
Kat2b Esml
Katéb Espll
Kbtbd11 Espn
Kcnip3 Ets2
Kcnj8 Etv4
Kctd12 Etv5
Kctd15 Evc
Kctd21 Exol
Kdm4d Exosc8
Khdcla Extl
Kifc2 Extll
Kifc3 Extl3
Kirrel Ezh2
KIf3 Faap24
Klf4 Fabp5
Klhl17 Fads2
Klhi21 Fah
Klhi24 Fam109b
K1hI30 Fam110a
Klhi4 Fam124b
Klra2 Fam129b
Klrc2 Fam162a
Klrgl Faml17lal
Kmt2a Fam171b
Kmt2c Fam183b
Kmt2d Fam212a
Kmt5h Fam213a
Krt83 Fam216a
Krtcap3 Fam221la
Kyatl Fam60a
L1cam Fam72a
Lactbll Fam83d
Largel Fam83g
Lats2 Fam92a
Laxl Fanca
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Lbp Fanch
Lcnl2 Fancd2
Lcnd Fanci
Lcor Fancl
Ldlradl Fancm
Ldlrad4 Farpl
Lefl Fas
Leng8 Fbinl
Leng9 Fbxo2
Lgals3 Fbxo36
Lhfpll Fbx048
Lhx6 Fbxo5
Lilrbda Femr
Limdl Fdftl
Limel Fdps
Lmbrl Fenl
Lmo7 Fes
LOC108167848 Fgdl
LOC108168164 Fgd6
Lpar5 Fgfll
Lpar6 Fgfrlop
Lpcat2 Fibcdl
Lpp Fignll
Lrch4 Fkbp1l
Lrpll Fkbpla
Lrp6 Fkbplb
Lrrc24 Fkbp2
Lrrc75b Fkbp3
Lrrc8e Fkbp5
Lrrkl Flywch2
Lrrn4 Fmni3
Lysmd1 Fnbp1l
Lyst Fndc3b
Macfl Foxk2
Maf Foxml
Magehl Foxp3
Maml3 Frem2
Man2a2 Frrsil
Maneal Fsbp
Map3k13 Fscnl
Map3k15 Futl10
Map3k?2 Fut4
Map4k3 Fxn
Mapklipl Fxyd7
Mapk8ipl Fzrl
Mapkapk5 G2e3
Mapre3 Gab2
March3 Gabrr2
Masp2 Gadd45b
Mbnl1 Gale
Mbp Galkl
Mcccl Gamt
Mcll Gapdh
Mcoln2 Gapdh-ps15
Mcpt8 Gars
Mdm4 Gas2
Mdnl Gas2I3
Mef2b Gatadl
Megfll Gatm
Meil Gbel
Meis3 Gcea
Metapld Geat
Metrnl Gelm
Mettl27 Gent4
Mettl7al Gem
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Mfng Gemin6
Mgat4a Genl
Mib2 Ginsl
Mink1 Gins2
Mmaa Gins3
Mn1l Gipcl
Mospd1 Gipc3
Mppel Gipr
Ms4a6c Gk
Mthfsd Gkb5
Mtmr3 Glrpl
Mxd4 Gls2
Mychp2 Gltp
MyI10 Gm12260
Mylip Gm128
Myo018b Gm1673
Myole Gm2036
Myo3b Gm20604
Myof Gm21596
Myrip Gm21948
N4bpl Gm29719
N4bp2l1 Gm29721
Nabpl Gm38426
Nacc2 Gm4969
Nagpa Gm5134
Naip2 Gm996
Naip5 Gmds
Naip6 Gmnn
Naip7 Gnaz
Nat10 Gnb4
Nav2 Gng3
Nbeall Gnptab
Nbeal2 Goltlb
Ncald Goraspl
Ncam2 Gpat3
Nckap5l Gpldl
Ncrl Gpmé6b
ND4 Gprl62
ND5 Gpr183
Ndnf Gpri9
Ndorl Gprc5h
Nedd4 Gprin3
Nedd4l Gpsm2
Neul Gpt2
Nfe2l2 Gpx7
Nfkbiz Grhll
Nhsl2 Grinl

Nin Gstp2
Nipal Gsttl
Nipal3 Gstt2
Nlrplb Gstt3
NIrp3 Gtdcl
NIrp6 Gtf2e2
Nmnat3 Gtf2irdl
Nod1 Gtf3c5
Notch2 Gtsel
Nov Gucala
Npff Gucyla3
Nptn Gucy1b3
Nrldl Gzmk
Nrld2 H1f0
Nr1h3 H2afv
Nr6al H2afx
Nt5e H2afz
Ntng2 H2-Q2
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Nudt6 Hacdl
Nuprll Hacll
Obscn Haspin
Obsl1 Hatl
Odaph Hausl
Ogt Haus4
Olfm1 Haus5
OIfmi3 Haus6
Olig3 Haus7
Oplah Hccs
Orai2 Hck
OrmdI3 Hdac6
Osbpl5 Hdgf
Osginl Hebpl
Otof Hectd2
Otud3 Helb
Ovgpl Hells
Padi2 Helg

Pak6 Hemgn
Pard3 Hesx1
Parml Hexim2
Parp12 Hhat
Parp8 Hic2
Pcdhgal2 Hifla
Pcdhgh4 Hintl
Pcedlb Hipk4
Pclo Hirip3
Pcnx Histlhla
Pctp Histlhlb
Pdcd4 Histlhlc
Pdella Histlhld
Pdelb Histlhle
Pde6g Histlh2ab
Pdgfa Histlh2ac
Pdk2 Histlh2ae
Pdlim4 Histlh2af
Pdlim5 Histlh2ag
Pdrgl Hist1h2ak
Pdzd2 Histlh2an
Pdzd4 Hist1h2bb
Pdzrn3 Histlh2be
Pealba Histlh2bg
Peakl Hist1h2bj
Peli3 Hist1lh2bk
Per3 Hist1h2bl
Perml Histlh2bn
Pfkfh2 Hist1h3a
Pgr Hist1h3b
Phfl Histlh3c
Phf11d Hist1h3d
Phf20I11 Hist1h3e
Phf21a Hist1h3f
Phf21b Hist1h3g
Phkal Histlh3h
Pid1 Hist1h3i
Pigz Histlh4b
Pik3ipl Histlh4c
Pik3r5 Histlh4d
Pilrbl Hist1h4f
Pilrb2 Histlh4h
Pkdl Hist1h4i
Pkd113 Hist1h4j
Pkd2 Hist1h4k
Plch2 Hist2h2ac
Plcdl Hist2h2bb
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Plcl2 Hist2h3b
Plec Hist2h4
Plekhal Hjurp
Plekhm3 HIf
Plekhnl Hmbs
Plpl Hmgal
Plpp6 Hmgbl
Plscr2 Hmgh2
Plscr4 Hmgh3
Plxdc2 Hmgcr
Pnisr Hmgcsl
Pnpla6 Hmgnl
Pnpla7 Hmgn2
Pnpo Hmgn3
Pnrcl Hmgn5
Podnl1 Hmmr
PodxI Hmox1
Pogk Hmx2
Potlb Hnrnpal
Pou4fl Hnrnpall2-ps2
Pou6fl Hnrnpa3
Ppargcla Hnrnpab
Ppargclb Hnrnpd
Ppm1h Hook1
Ppmij Hormad?2
Pppl1rl3b Hpdl
Ppplr3d Hpfl
Ppplr3e Hrc
Ppp2r2c Hsd17b7
Ppp2r5a Hsf2
Ppp3ca Hsp90aal
Prex1 Hspal2a
Prickle3 Hspa2
Prkce Hspa4l
Prkcz Hspb6
Prkd3 Htra2
Prkx Hylsl
Prr22 1d3

Prr5 Idh2
Prrtl Idil
Prss16 Ifng
Prss30 Ift46
Psd2 Ift80
Psgl7 Ift81
Ptgdr2 Igflr
Ptger3 1gf2bp3
Ptges 1gsf23
Ptpn4 ligpl
Ptpn9 Ikzf2
Ptpre 1117rd
Ptprj 11rl1
Pvrig 111r12
Pxdcl 1124
Pyroxd?2 112ra
Qpct 114i1
Qtrtl 116st
Qtrt2 17r
Rab20 lldrl
Rab27h Incenp
Rab36 Inpp5f
Rab6b Insigl
Rabggta Intu
Raplgap? Ipo5
Rasa3 Ipo7
Rasal3 Ipp
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Rbm20 lqchl
Rdh5 lqgap3
Reck Irak1lbpl
Ret Irak3
Rfx3 Irf4
Rfx5 Irfé
Rgl2 Irf8
Rhbdl1 Isir
Rimkla Itgab
Ripor2 Itgae
Ripor3 Itgh4
Rnf122 Itih5
Rnf144b Itm2a
Rnf152 Itpa
Rnf166 Itpka
Rnf167 Izumolr
Rora Jag2
Rpgripl Jcad
Rps19 Jph4
Rps21 Jpt2
Rps24 Jup
Rps28 Katnal2
Rptor Kbtbd6
Rrpl12 Kcna2
Rsadl Kcnbl
Rslcan18 Kencl
Rsrpl Kcnh3
Rtl8c Kdm38
Rtn4rll Kifll
Rundc3a Kifl4
Rundc3b Kif15
Rwdd3 Kifl8a
Rxra Kif18b
Ryk Kif20a
Ryr3 Kif20b
S100a4 Kif22
S100a6 Kif23
Slprl Kif24
Slpr4 Kif2c
Samd3 Kif4
Samd9l Kif5a
Saraf Kif7
Sarml Kifcl
Satl Kifc5b
Satbl Klc3
Shsn KIfl1l
Scd4 KIf7
Scin Klhdc9
Scml4 KIhl23
Sdc2 Klhl5
Sec31lb Klral
Semaéd Klrals
Sept8 Klral9
Sesnl Klra22
Setbpl Klra3
Sez612 Klra6
Sfxn3 Klrb1f
Sgkl Klri2
Sgsh Kmo
Sh2d1bl Kmt5a
Sh2d3c Knll
Sh3bp5 Knstrn
Shank1 Kntcl
Shisa5 Kpna2
Shpk Kpna3
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Sikel Kras
Sirt5 Kremen2
Six3 Ksrl
Slclla2 Laccl
Slcl2a3 Ladl
Slcl6a2 Lag3
Slc17a9 Lamc2
Slc24a3 Lancl2
Slc25a27 Larplb
Slc25a45 Lcab
Slc25a53 Lclatl
Slc26all Ldhb
Slc26a6 LdlIr
Slc26a8 Leol
Slc27a6 Lgalsl
Slc31a2 Lif
Slc35e4 Ligl
Slc36al Lin54
Slc38a7 Lin9
Slc3al Lipg
Slc41a2 Litaf
Slc46al Lmf2
Slc4alap Lmna
Slcdad Lmnbl
Slc7a4 Lmnb2
Slc9a9 Lmtk3
Slco2al Lnpk
Slco3al Lonpl
Sifnl Lonrfl
Slfn2 Lpar2
Smad3 Lpcatl
Smarca2 Lpin3
Smgl Lrfn4
Smim10I1 Lrmp
Smim14 Lrpl
Smim27 Lrp8
Smim4 Lrrl
Smpd2 Lrrc27
Smpd5 Lrrc40
Smugl Lrrc59
Snth2 Lrrc71
Snx29 Lrrc75a
Snx32 Lrrc8b
Soat2 Lsm2
Socs3 Lsm3
Sorbs3 Lsm5
Sorcs2 Lsr
Sorll Lstl
Spagl Ltk
Spatal3 Ly6a
Speccl Lyar
Speg Lztsl
Spnsl Mad1l1
Spoll Mad2l1
Sppl Maged1
Sppl2b Maged2
Spr Magi3
Sptbn2 Manlcl
Spx Manf
St3galé Manscl
Stc2 Maoa
Stk32¢ Mapla
Ston2 Map2
Stykl Map2k6
Suco Map3k19
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Sulf2 Map3k6
Sult4al Map3k9
Susd4 Map7
Susd6 Map9
Syt3 Mapk11
Syt6 Mapk6
Tanc2 Mapkapk?2
Taslr3 Marcksl1
Taz Mars
Thcl1d10c Marveld?2
Thcld12 Mast2
Thcld16 Mastl
Thcld17 Matk
Thx6 Mb21d1
Tcf24 Mbd4
Tcn2 Mblacl
Tcplll2 Mboat7
Tcta Mcam
Tctex1d4 Mcm10
Tdrd7 Mcm?2
Tdrp Mcm3
Tecprl Mcmé4
Teddm2 Mcm5
Tef Mcm6
Tfap2a Mcm?7
Tgfa Mcm8
Tgfblil Mctpl
Tgm2 Mcu
Tgm4 Mdm1
Thal Mel
Thbs1 Me2
Thtpa Med7
Tjpl Megf9
Tk2 Melk
Tle4 Metrn
Tir12 Mfhasl
Tlr4 Mfsd13a
Tm6sf2 Mfsd2a
Tmc6 Mical2
Tmem119 Micall2
Tmem140 Milrl
Tmem15la Minppl
Tmem154 Mipep
Tmem159 Mis12
Tmem176a Mis18a
Tmem176b Mis18bpl
Tmem198 MKki67
Tmem42 Mmpll
Tmem63a Mmp14
Tmem63b Mmp15
Tmem64 Mms22I
Tmem71 Mnd1
Tmem38 Mns1
Tmem80 Mornl
Tmod4 Mpegl
Tmppe Mpp2
Tmtcl Mpp6
Tnfrsfllb MpzI1
Tnfrsfl4 MpzI2
Tnfrsf22 Mrnip
Tnfrsf23 Ms4ada
Tnfrsf26 Ms4add
Tnfsf4 Msh5
Tnfsf8 Msh6
Tnrc6b Msmol
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Tobl Mstl
Toh2 Mtl
Tom1ll Mt2
Tom1l2 Mt3
Tpbgl Mtbp
Tpgs2 Mtfr2
Tppp3 Mthfdll
Tpst2 Mthfd2
Trim16 Mtmrl4
Trim2 Mutyh
Trim26 Mvd
Trimé5 Mvk
Trio Mxd3
Trip4 Mxra8
Trip6 Mybl1
Trp53inpl Mybl2
Trpc6 Mycl
Tspanl? Myef2
Tssk4 Myh10
Ttc38 Myh7b
Ttll3 Myl6b
Tub Mylpf
Tulp4 Myolc
Tuscl Myolh
Tusc2 Myrf
Txk Mztl
Txnip Naaladll
Uba7 Nab2
Ubn2 Nampt
Ubr4 Nap1l1
Ubxn6 Naprt
Uncba Nasp
Upklb Ncapd2
Uppl Ncapd3
Usp48 Ncapg
Ust Ncapg2
Utrn Ncaph
Uvssa Ncaph2
Vav3 Ncfl
Vezfl Ncf2
Vprebl Ncmap
Vpsl3c Ncsl
Vps13d Ndcl
Vsir Ndc80
Wars2 Ndel
Wdr45 Ndrg2
Wdr49 Ndufa4
Wdr81 Neb
Wdr82 Nebl
Wdr95 Necab3
WIs Nectin2
Xcll Neddl
Xkr6 Neil3
Yesl Nek2
Ypel3 Nek6
Zbth20 Nelfcd
Zbhthb37 Nelfe
Zbtb4 Nempl
Zbtb40 Nenf
Zc2hcla Neu3
Zcchcl8 Neurllb
Zcchc? Nfatc2ip
Zdhhcl Nfya
Zdhhcl7 Nfyb
Zfand3 Nid1l
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Zfc3hl Nlgn2
Zfthx2 Nirx1
Zfpl2 Nmb
Zfpl4 Nme4
Zfp169 Nme6
Zfp235 Nmrall
Zfp276 Noct
Zfp28 Notch3
Zfp287 Noxredl
Zfp316 Nphpl
Zfp317 Nphp3
Zfp369 Nphp4
Zfp3612 Npl
Zfp420 Ngol
Zfp456 Nrdal
Zfp458 Nr4a2
Zfp493 Nr4a3
Zfp512 Nrap
Zfp523 Nrbp2
Zfp579 Nrg4
Zfp595 Nrgn
Zfp619 Nrm
Zfp623 Nrnl
Zfp652 Nrpl
Zfp658 Nsd2
Zfp661 Nsdhl
Zfp738 Nsl1
Zfp78 Nsmcel
Zfp85 Nt5dc2
Zfp871 Ntf5
Zfp874a Ntn3
Zfp874b Nucksl
Zfp882 Nuf2
Zfp932 Nup107
Zfp94 Nup133
Zfp945 Nup155
Zfp950 Nup160
Zfp970 Nup205
Zfp9rl Nup37
Zfp992 Nup43
Zgpat Nup54
Zhx2 Nup62
Zkscanl4 Nup85
Zkscan7 Nup93
Zmat3 Nuprl
Znrf3 Nusapl
Zrsrl Nxtl
Zscan26 Nyapl
Zswim8 Oaf
Zzefl Odcl
Odf2
Odf2l
Oip5
OIfr56
Orcl
Orcb
Osbplla
Oscpl
P2rx3
Pabpcll
Pacsinl
Pacsin3
Padi3
Pafah1b3
Pak4
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Palb2

Palm

Paox

Papd7

Paqr3

Paqr4

Paqr8

Pard6g

Parpbp

Pask

Paxipl

Pbdcl

Pbk

Pbx4

Pcdhgc3

Pcdhgc4

Pcdhgch

Pcgf5

Pck2

Pclaf

Pcna

Pcsk9

Pcx

Pdcdl

Pdgfb

Pdgfrb

Pdia5

Pdik1l

Pdk3

Pdp1

Pdss1

Pdzd11

Penk

Perp

Pfas

Pfn2

Pgml

Pgp

Phactr2

Phf19

Phgdh

Phldbl

Phtf2

Pi4k2b

Pianp

Pidd1

Pifl

Pigf

Pik3cg

Pik3r6

Pim2

Pimreg

Pkib

Pkig

Pkmytl

Pkn3

Pla2gl12a

Plch4

Plcl1

Plek

Plekhf2

Plekhg2

Plekhg4

Plekhol

Plk1
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Plk2

PIk4

Plp2

Plppl

Plxna3

Plxnbl

Plxnb2

Plxnd1

Pmel

Pmfl

Pml

Pmvk

Pnck

Pnp2

Pocla

Poclb

Polal

Pola2

Poldl

Pold3

Pole

Pole2

Polh

Polq

Pomgnt2

Pomtl

Pop4

Pou2fl

Ppal

Ppat

Ppfibpl

Pphinl

Ppih

Ppill

Pppl1rl6b

Ppp1r35

Ppp2r3a

Pradcl

Prcl

Prcp

Prdx4

Prelid3a

Prelid3b

Pricklel

Prim1

Prim2

Primpol

Prkch

Prpf38a

Prpsl

Prrll

Prss41

Prx

Psatl

Psipl

Psmc3ip

Psmd1

Psmgl

Pspcl

Pstpip2

Pter

Ptgfrn

Ptgir

Ptgrl

Ptma
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Ptms

Ptpn6

Ptprk

Ptprs

Pxmp2

Pycrl

Rab26

Rab27a

Rab33a

Rab34

Rab39b

Racgap1

Rad18

Rad21

Rad51

Rad51apl

Rad51b

Rad51c

Rad54b

Rad54l

Ralb

Raly

Ran

Ranbpl

Rangapl

Rapgef3

Rapgef5

Rarg

Rasd1

Rasgeflb

Rasl2-9

Rassf3

Rassf4

Rb1

Rbbp4

Rbbp7

Rbbp8

Rbl1

Rbm3

Rbm44

Rbmx2

Rbmxl|1

Rbpms

Rcan3

Rccl

Rcn3

Rcor2

Rdh11

Rdm1

Recql4

Reepl

Reep2

Reep4

Relll

Renbp

Rfcl

Rfc2

Rfc3

Rfc4

Rfc5

Rfwd3

Rfx2

Rfx4

Rgcc

Rgll
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Rgs8

Rhpn2

Ribcl

Rims3

Riox2

Ripk3

Ripply3

Rmi2

Rnaseh2b

Rnd1

Rnd2

Rnf157

Rnf168

Rnf19b

Rnf208

Rnf216

Rnf26

Rogdi

Ropnll

Rpa2

Rpa3

Rpp30

Rps6kab

Rps6kab

Rrm1l

Rrm?2

Rsphl

Rtkn

Rtkn2

Rtn3

Rubcenl

Runx1

Saall

Sael

Samd1l

Sap30

Sapcdl

Sapcd2

Sass6

Scampl

Scarbl

Sccpdh

Scdl

Scpepl

Sdf2l1

Sectmla

Selenbpl

Selenoh

Semadc

Semadg

Sema6hb

Sema7a

Sephsl

Sept10

Serinc3

Serinch

Serpinblb

Serpinb6b

Serpinb9

Serpinfl

Sestdl

Sfmbt2

Sgol

Sgo2a

Sh2b2
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Sh3bp4

Sh3rfl

Sh3tcl

Shcbpl

Shmtl

Shmt2

Shroom3

Siahlb

Siah2

Sikl

Sival

Skal

Ska2

Ska3

Skp2

Slamfl

Slbp

Slc12a8

Slcl5al

Slc15a3

Slc16al

Slc16a10

Slcl6all

Slcla4

Slc25al

Slc25a10

Slc25a13

Slc25a25

Slc25a40

Slc25a43

Slc26a10

Slc29al

Slc3lal

Slc35d3

Slc3a2

Slc43al

Slc43a3

Slc4all

Slc4a7

Slc4a8

Slc6al3

Slc6a9

Slc7al

Slc7a3

Slc7a5

Slc9a5

Slcob2

SIfn3

Smcla

Smc2

Smc3

Smc4

Smcb5

Smc6

Smchdl

Smox

SmpdI3b

Sms

Sms-ps

Smtn

Snrnp25

Snrnp35

Snrpdl

Snx9

Sogal
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Sowahc

Sox12

Sox4

Spacal

Spag4

Spag5

Spata24

Spatsl

Spats2l

Spc24

Spc25

Spdil

Spidr

Spirel

Spock2

Spredl

Spryl

Spry4

Sptb

Sqle

Srl

Srsfl12

Srsf4

Sshp3

Ssx2ip

St6gall

St6galnac3

St6galnac6

Stag3

Stard10

Stard13

Stard3nl

Stard4

Statl

Sthdl

Stil

Stk38I

Stk39

Stmnl

Stom

Stonl

Stxbpl

Suptl6

Susdl

Suv39hl

Suv39h2

Suzl12

Sv2c

Syce2

Sydel

Syngapl

Syngrl

Syngr3

Syngr4

Synpo

Sypl

Sytl3

Tacc2

Tacc3

Taf5

Taf6

Tank

Tarsl2

Thcldl

Thcld2
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Thcld24

Thcld31

Thcld7

Thcld8

Tcaml

Tceal9

Tcfl9

Tepl

Tctex1d2

Tdg

Tdg-ps

Tdpl

Tdp2

Tedcl

Tedc2

Terfl

Tesc

Tetl

Tex13d

Tex15

Tex30

Tfdpl

Tfr2

Tfrc

Tg

Tgfbl

Tgml

Themis2

Thnsl2

Thoc6

Thopl

Thrb

Tiaml

Ticam?2

Ticrr

Tigit

Timeless

Timm17b

Tinf2

Tipin

Tjp3

Tkl

Tkt

Tlcdl

Tlcd2

TIn2

Tmcc2

Tmed1

Tmem106a

Tmem107

Tmem108

Tmem120b

Tmem121

Tmem136

Tmem144

Tmem?2

Tmem206

Tmem237

Tmem243

Tmem25

Tmem263

Tmem40

Tmem59l

Tmem67

Tmem9
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Tmem97

Tmie

Tmpo

Tnfaip8I1

Tnfrsf21

Tnfrsf4

Tnfrsf8

Tnip3

Tnni3

Tnntl

Tnp2

Tns3

Top2a

Topbpl

Tox

Tpm2

Tpm4

Tpmt

Tpstl

Tpx2

Trafd

Traip

Tratl

Trdmtl

Tribl

Trib3

Trim45

Trim6

Trim7

Tripl3

Troap

Trp53ill

Trp53inp2

Trp73

Trpm4

Trpv4

TsgalO

Tspan2

Tspan3

Tspan6

Tspoapl

Ttcl6

Ttc26

Ttf2

Ttk

Tubala

Tubalb

Tubalc

Tubada

Tuba8

Tubb2a

Tubb2b

Tubb4b

Tubb5

Tubel

Tubgl

Tubgcp2

Tuftl

Twsgl

Txnl

Txnll

Tyms

Uapl

Ube2c

Ube2e3

123




Ube216

Ube2s

Ube2t

Ubtd2

Uchll

Uchl5

Uevld

Ugp2

Ugtla7c

Uhrfl

Umps

Unc93bl

Ung

Uspl

Uspl8

Usp2

Usp44

Uspé6nl

utfl

Utpl4b

Uxsl

Vatl

Vav2

Vel

Vdacl

Vps37d

Vrkl

Wdfy4

Wadhdl

Wdpcp

Wdr31

Wdr35

Wdr62

Wdr76

Wdr90

Weel

Wfikkn2

Wipil

Wnt10b

Wwecl

Wwc?2

Xbpl

Xk

Xkr5

Xpnpepl

Xpnpep2

Xpol

Xrcc2

Xrce3

Yars

Ybx1

Ybx2

Ybhx3

Yiflb

Ywhae

Ywhah

Zbed3

Zbtb12

Zcche3

Zeb2

Zfand4

Zfp101

Zfp280b

Zfp318

Zfp365

124




Zfp367

Zfp382

Zfpal

Zfpa73

Zfp52

Zfp575

Zfp599

Zfp608

Zfp870

Zfp92

Zfp948

Zgrfl

Zranb3

Zwilch
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