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ABSTRACT OF THE THESIS

Immunotherapy Using Chimeric Antigen Receptor Macrophage

by
Peng Fei Huang

Master of Science in Biology
University of California San Diego, 2019

Professor Yang Xu, Chair
Professor Steven Briggs, Co-chair

Chimeric antigen receptor (CAR) T cell immunotherapy has become one of the most
prominent and leading cancer therapies due to its remarkable success in targeting hematological
malignancies. Unfortunately, CAR-T cell immunotherapy has not had the same amount of
success in solid tumors due to the challenging tumor’s immunosuppressive microenvironment.
Therefore, we hypothesize the use of macrophages as a vessel for CAR immunotherapy due to

their associate with tumors as TAMs and also the tumors ability to secrete various chemokines
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that can attract myeloid cells to the tumor site. THP-1 a monocytic cell line that represents a
monocyte/macrophage model was transduced with an anti-CD19 scFv CAR construct. K562 a
leukemia cell line that represents hematological malignancies and H460 a lung cancer cell line
that represents solid tumors were transduced to overexpress the surface marker CD19. THP-1
clones expressing the anti-CD19 CAR construct were cocultured with the two tumor cell lines,
which demonstrated the ability of the THP-1 CARs to specifically targeted and lysis the tumor
cells that overexpressed the CD19 surface marker. Upon CAR activation, THP-1 cells were
polarized towards the M1 classical activated phenotype due to the increase in expression of TNF-
a, IL-1B, IL-6, IL-12B3, CXCI110, HLA-DR, and CD86. Additionally, THP-1 cells did not show
any change in the M2 alternative activated markers of IL10, TFGf, CCL18, CCL22, CD206, and
CD204 to suggest polarization towards the M2 phenotype. As a result, this study validates the

proof of concept that macrophages could potentially be a vessel for CAR immunotherapy.



Introduction

Cancer Immunotherapy

Cancer has become one of the leading causes of death worldwide with an expected
600,000 deaths and an additional 1.7 million newly diagnosed cases of cancer in 2018."
Furthermore, by 2020 the annual cancer cases is expected to increase by 24.1% or more than 1
million newly diagnosed cancer cases for men and 20.6% or more than 900,000 newly diagnosed
cancers cases for women since 2010.” As a result, these shocking statistics have revolutionized
the field of cancer therapy throughout the past decades, but since cancers have been reported to
possess mechanisms to evade endogenous immune responses, new innovations are required to
fight this disease.”* One of the most promising new innovations that have revolutionized the
field of cancer therapy is immunotherapy, which works under the premise of engineering or
priming the patient’s own immune system to detect the cancer and effectively destroy it.’
Throughout the years, many forms of immunotherapy have been developed and have produced
amazing results, but one of the most promising types of immunotherapy is chimeric antigen
receptors (CARs) therapy. CAR therapy utilizes the patients own immune system by harvesting
autologous lymphocytes, T cells being the most prominent lymphocyte currently being used for
this therapy, and genetically modifying them to enhance their immunological functions against

the cancer.’

Structure of the Chimeric Antigen Receptor
With the emergence of CAR as one of the leading immunotherapies in the last decade,
researchers have made attempts and successfully constructed a vast array of different constructs

of CAR structures. Universally, the basic CAR structure consists of an antigen derived binding



motif, a transmembrane domain, and a signaling intracellular domain.’ More precisely, the
antigen derived binding motif is most commonly derived from an antigen binding (Fab) fragment
of a monoclonal antibody that has high affinity towards targeting the antigen of interest, which
has been named an single-chain variable fragment (scFv). The scFv comprises the extracellular
region of the CAR structure, which is linked to the transmembrane domain that connects to the
signaling intracellular domain. The intracellular domain consists of an immunoreceptor tyrosine-
based activation motif (ITAM), which is usually taken from either regions of CD3( chain or y
chain of immunoglobulin receptor FceR1Iy.*’ This unique structure allows CARs to specifically
bind towards the antigen of interest and cause an immune response by initiating the signal
transduction pathway that leads to the lymphocyte activation.*'' Due to the flexibility of the
CAR structure combined with the creativity of the researcher, vast amounts of different CAR
structures have been produced and the different CAR structures have been classified has first,

12,13 1s
 First

second, or third generation CARs based on their differing intracellular domain.
generation CARs consists of extracellular scFv region and a single intracellular stimulatory
domain, which displayed low levels of activation and proliferation of T cells leading to low
potency against tumors.'® To fix the restraints of the first generation CARs, the second
generation CARs were designed to express a stimulatory domain combined with a co-stimulatory
domain that is usually consists of CD28 or 4-1BB.'> With the addition of a co-stimulatory
domain, CAR-T cells displayed a heightened ability to expand and persist allowing for better T
cell survival.' Finally, the third generation was designed to increase the efficacy of the CAR’s

ability to target the tumor by designing the CAR to consist of the stimulatory domain combined

with two co-stimulatory domains, which usually consist of CD28 and 4-1BB."



Advantages and Disadvantages of Chimeric Antigen Receptor Immunotherapy

CAR constructs consists of an antigen derived binding motif linked to a transmembrane
domain and an intracellular signaling domain, which have allowed CAR cells to avoid Major
Histocompatibility Complex (MHC) mediated recognition to target antigen. Eliminating this
limitation from the CAR cells allows for a greater range of potential cellular targets and evades
the concern that tumors avoid immune surveillance by down regulating MHC expression.”” ' On
the contrary, with the benefit of evading MHC recognition, CAR cells are only designed to have
an affinity towards surface markers on the tumor cells."’ Designing the CAR construct is one of
its major advantages because it gives the researcher the ability to uniquely develop a construct to
specifically target any surface marker of interest, which could include any carbohydrates, lipids,
or protein antigens that is expressed on the surface of the tumor.'” Furthermore, due to CAR cells
ability to not be restricted my MHC, their interactions with antigen presenting cells (APCs) is
very minimal, meaning CAR cells do not receive a co-stimulatory signal from the APCs. As a
result, due to the flexibility of the design of the CAR construct, a co-stimulatory signal can be
designed into the structure making CAR cells not require the interaction of APCs.*’ However,
that is also one of CAR therapies major challenges is being able to find a appropriate surface
marker to design the CAR construct to target that only destroys the tumor cells and does not
damage any health tissue. Due to the difficulties of finding tumor specific antigens to target,
many of the CAR constructs developed have been more tumor “associated” antigens rather than
tumor “specific” antigens. This correlates to the idea that many of these tumor associated antigen
are highly expressed on the tumor cells, but not exclusively expressed on the tumors cells and is

also expressed on normal healthy tissue, which could lead to on-target/off-tumor toxicity.”'



Chimeric Antigen Receptor Immunotherapy Against Hematological Malignancies

As stated previous, one of the major disadvantages of using CAR therapy is finding a
suitable target that would allow for highly specific targeting of the tumor, while disregarding any
healthy tissue. Hematological malignancies of the B cells became a prime candidate for CAR
therapy because of the essential characteristic that B cells highly and exclusively express CD19
on their cell surface starting at the later pro-B cell developmental stage.”> CD19 has become
nearly a perfect target to create a CAR construct against because of the specificity of the
expression in majority of B cell lineage malignancies, which includes: B-cell non-Hodgkin
lymphoma (NHL), Acute lymphoblastic Leukemia (ALL) and Chronic Lymphocytic (CLL).”
First generation CARs that were developed to target B-cell malignancies consisted of a anti-
CD19 scFv binding domain combined with only CD3( stimulatory domain produced very
minimal antitumor effects due to the CAR’s inability to persist and expand.”® As a result, to
further strengthen the CAR’s ability to activate, the second generation of CARs was produced
that contained a co-stimulatory domain from either 4-1BB or CD28 combined with the typical
construct of the first generation CARs. Using the second generation of CARs, many clinical
trails utilizing the anti-CD19 scFv CAR-T cells have been most successful against B cell Acute
Lymphoblastic Leukemia (B-ALL). One of the clinical trails that consisted of 16 patients infused
with the CD19 CAR-T cells demonstrated a remarkable 88% complete remission (CR).” With
these results lead to one of the landmark clinical trails that consisted of 30 patients with ALL that
were infused with the autologous CAR-T cells, which lead to a 90% remission rate, 67% event-
free survival after 6 months, and a overall survival rate of 78%.*® Despite the success of CD19 as
an ideal target for CAR-T cell therapy, antigen escape, which is the loss of detectable CD19 on

the surface of tumor cells, have been reported in about 10-20% of pediatric B-ALL patients



treated with CD19 targeted CAR immunotherapy.” Ultimately, the need for more novel targets
similar to the specificity of CD19 is require to alleviate the concerns of antigen escape related to

CAR immunotherapy.

Chimeric Antigen Receptor Immunotherapy Against Solid Tumors

Although CAR therapy derived to target hematological malignancies have shown
promising results with remarkable clinical results, utilizing CAR therapy to target solid tumors
have made limited progress due to several new challenging obstacles compared to hematological
malignancies. Like before, one of the major challenges is finding a suitable target to create a
CAR construct against because unlike B-cell malignancies, solid tumors do not have highly
specific surface markers that is exclusively expressed only on the tumor.*® As a result, on-target
off-tumor toxicity is an extremely critical concern since CAR therapy is not MHC medicated,
which could lead to stronger and faster immune response whether its against tumor or healthy
tissue.”' Furthermore, due to the genetic instability of tumor cells, highly expressed antigens that
could be a candidate for CAR therapy can stop being expressed leading to more difficulties of
finding a suitable target. Even if a suitable target is determined and a CAR is produced, another
one of the major challenges is the inability to “traffick” the CAR cells to the tumor sites due to
its microenvironment.** In order for the tumor to protect itself, it produces a strong
immunosuppressive microenvironment which is characterizes by hypoxia, low pH, inhibitory
effects of tumor derived cytokines, and upregulation of inhibitory pathways effecting CAR cell

33-35

activation. Therefore, it is important to better understand the different types of obstacles that

have limited the success of CAR therapy against solid tumors in order to eventually develop a



successful system to ultimately produce the same amount of success as CAR therapy against

hematological malignancies.

Chimeric Antigen Receptor Macrophage Immunotherapy

Due to the difficulties of utilizing CAR-T cell therapy against solid tumors, other avenues
must be explored and one of those is harnessing the power of the human innate immune system
in conjunction with CAR therapy. One of the most prominent lymphocytes within the innate
system is the macrophage, which has the ability to not only attack foreign invaders but also have
the ability to present antigen.’® As a result, with the ability to antigen present, this allows
macrophages to prime the T-cell response against novel antigen expressed on the tumor cells
causing a secondary immune response. Solid tumors have been reported to actively recruit
myeloid cells through the secretion of tumor derived chemokines and have shown be inhabitants
of solid tumors, which have been reported to be called tumor associated macrophages
(TAMs).””® Therefore, we hypothesis that by utilizing the macrophages as the vessel for CAR
immunotherapy, which could potentially be a powerful immunological agent if properly
activated and redirected towards targeting tumor cells and possibly solid tumors. In this study,
we used THP-1 a monocytic cell line that is a good representation of monocytes/macrophages in
order to test the ability of transducing CAR constructs into the macrophages. After transduction,
cytotoxicity assay was done to test the antitumor cytotoxicity ability of the CAR-Macrophages
on K562, a leukemia cell line, which represented a hematological malignancy, and H460, a lung
cancer cell line, which represented solid tumor cells. Finally, gene expression assay was done on
the CAR-Macrophages in order to determine whether classically activated type 1 (M1) or the

alternatively activated type 2 (M2) phenotype is expressed after CAR-Macrophage activation.



Materials and Methods

Plasmid

The two secondary generation CAR expression vectors was synthesized by iGene
(China). The anti-CD19scFv-CD8 hinge- CD8 transmembrane domain-4-1BB- CD3{ and
CD19scFv-CDS8 hinge- CD8 transmembrane domain-dectin 1-Fcr was subcloned and inserted
between Agel and EcoRI site on the lentiviral vector: lenticas9-blast (Addgene #52962). The
CAR sequence replaced the coding sequence region of cas9. Human CD19 gene expression
vector was modified from the PL452CNP vector. CAG-Human CD19 sequence was inserted
after the CAG-NEO-IRES-PURO cassette. AAVS1 genome homologous arms were inserted
upstream of the CAG-NEO-IRES PURO cassette and downstream of CAG-Human CD19

sequence.

Cell Culture

Human monocytic THP-1 cell line were obtained from American Type Culture
Collection (ATCC) and was maintained in culture in Roswell Park Memorial Institute medium
(RPMI 1640) containing 10% heat inactivated fetal bovine serum (FBS), and supplemented with
10 mM Hepes (Gibco, #15630-056), 1 mM pyruvate (Gibco, #11360-039), 2.5 g/L. D-glucose
(Gibco, #A2494001) 50 pM B-mercaptoethanol (Gibco; 31350-010) and 1%
penicillin/streptomycin (Gibco, #10378016). Human chronic myelogenous leukemia (CML) cell
line K562 were obtained from ATCC and was maintained in culture in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 10% heat inactivated fetal bovin serum (FBS)
and 1% penicillin/streptomycin (Gibco, #10378016). Human large cell lung carcinoma call line

NCI-H460 was obtained from ATCC and maintained in culture in RPMI 1640 supplemented



with 10% heat inactivated fetal bovin serum (FBS) and 1% penicillin/streptomycin (Gibco,
#10378016). CD19 expression vector was transduced into K562 and H460 cells using
Lipofectamine™ 2000 Transfection Reagent (Invitrogen #11668027) and selected with 2 pg/ml
of puromycin, surviving clones were expanded and their expression of CD19 confirmed by flow

cytometry stained.

Production of CD19 Expressing Tumor Cell Lines

2.5ug of AAVSI Human CD19 plasmid were transduced into K562 cells in 6-well plates
by Lipofectamine™ 2000 Transfection Reagent (Invitrogen #11668027) and selected with 1
pg/mL of puromycin two days after transduction for one week of treatment. Surviving clones
were expanded and their expression of CD19 confirmed by flow cytometry stained. The same

protocol was done on H460 cell line, but using 2 pg/mL of puromycin for selection.

Lentiviral Trnasduction and Production of CAR-Macrophage Cells

The lentiviral vectors encoding the anti-CD19 CAR gene and two of the helper vectors:
psAX2 (Addgene #12260) and pMD2.G (Addgene #11259) were transduces into 293FT cells
using the calcium phosphate transduction protocol. Twenty-four hours after transduction, the
supernatant was collected and virus concentrated with Lenti-X™ Concentrator (Clontech
#631232). THP-1 cells were transduced with the lentivirus for 24 hours before the medium was
replaced with fresh medium. The THP-1 transduced cells were then subsequently analyzed with

flow cytometry.



In Vitro Cell Lysis Assay with CAR-Macrophage

K562 WT and K562 CD19 cells were mixed into a 1:1 ratio and seeded onto a 96 well
plate at a density of 1x10* cells/well. THP-1 WT, THP-1 Zeta, and THP-1 DecFcr were first
stained with CFSE (Biolegend, #423801) at a concentration of 5uM per 1x10° cell/mL and then
seeded along with the mixture of K562 WT and K562 CD19 at various ratios (1:1, 5:1, and
10:1). After 24-hour incubation, all cells in the well were harvested and stained with 1uL per
1x10° cells in 100pL anti-CD19 antibody (Biolegend, #302229) and analyzed by a BD LSR-II
machine using FACS Diva software (Becton Dickinson). The same procedure was done using

H460 WT and H460 CD19.

Flow Cytometry Analysis (FACs)

Flow cytometry analysis of the surface expression of the Chimeric Antigen Receptor,
1x10° cells were harvested and washed with PBS and stained with 0.01pg of biotin conjugated
protein L for 30 minutes at room temperature. Afterwards the cells were washed and
subsequently stained with Streptavidin conjugated Allophycocyanin (APC) (BD Bioscience,
#554067) for 30 minutes in room temperature. For flow cytometry analysis of the surface
expression of CD19 on K562 cells, 1x10° cells were harvested and washed with PBS and stained
with anti-human CD19 conjugated to PerCP/Cyanine5.5 (Biolegend, #302229) for 30 minutes at
room temperature. The same procedure was done analysis the surface expression of CD19 on
H460. For flow cytometry of the cell lysis assays, THP-1 clones were all stained with CFSE
(Biolegend, #423801) before seeding and all cells in the wells were harvested and washed with

PBS before being stained with 1uL per 1x10° cells in 100uL anti-human CD19 conjugated to



PerCP/Cyanine5.5 (Biolegend, #302229) for 30 minutes at room temperature. Samples were

analyzed by BD LSR-II machine using FACS Diva software (Becton Dickinson).

Reverse Transcription-Polymerase Chain Reaction and Real-Time Polymerase Chain
Reaction

Total RNA was purified from THP-1 WT, THP-1 Zeta, and THP-1 DecFcr after 24 hour
coculture with H460 CD19 at a 5:1 ratio with a density of 4x10° H460 CD19 cells/well and
2x10° THP-1 cells/well in a 24 well plate. PureLink™ RNA Mini Kit (Invitrogen, 12183018A)
was used to extract RNA with 2ug of total RNA extracted was utilized to reverse transcribed
cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
#4368814). Analyze by quantitative real-time PCR was done using PowerUp™ SYBR™ Green
Master Mix (Applied Bioststems, #A25742). CD45 was used as the reference gene for
normalization and fold change was quantified using the threshold cycle method. The primers
used are listed below
Statistical Analysis

All statistical analysis was performed using GraphPad Prism 6 Software. A non-
parametric one-way ANOVA was performed to compare the cytotoxic functionality of the

differing CAR constructs. P values of 0.05 or less were considered to be significant.
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Table 1: Primer Sequence Used in RT-PCR Gene Expression Assay

Gene Primer sequences (5' — 3')
Forward CCACAGACCTTCCAGGAGAATG
IL-1B
Reverse GTGCAGTTCAGTGATCGTACAGG
Forward AGACAGCCACTCACCTCTTCAG
IL-6
Reverse TTCTGCCAGTGCCTCTTTGCTG
Forward GGTGAGAAGAGATGTCTGAATCC
CXCL10
Reverse GTCCATCCTTGGAAGCACTGCA
Forward AGCCAACACCAGCTCCTCAAGA
CD206
Reverse CAAAACGCTCGCGCATTGTCCA
Forward GTTGACTATTCTGAAACCAGCCC
CCL18
Reverse GTCGCTGATGTATTTCTGGACCC
Forward TCCTGGGTTCAAGCGATTCTCC
CCL22
Reverse GTCAGGAGTTCAAGACCAGCCT
Forward TCTCCGAGATGCCTTCAGCAGA
IL-10
Reverse TCAGACAAGGCTTGGCAACCCA
Forward AGTCCCTGTGCTAGGATTTTTCA
HLA-DR
Reverse ACATAAACTCGCCTGATTGGTC
Forward CTGCTCATCTATACACGGTTACC
CD86
Reverse GGAAACGTCGTACAGTTCTGTG
Forward ACCCTGACCATCCAAGTCAAA
IL-123

Reverse

TTGGCCTCGCATCTTAGAAAG

11




Table 1: Primer Sequence Used in RT-PCR Gene Expression Assay, Continued

Forward CCAGGCAGTCAGATCATCTTCTC
TNFa
Reverse AGCTGGTTATCTCTCAGCTCCAC
Forward GCAGTGGGATCACTTTCACAA
CD204
Reverse AGCTGTCATTGAGCGAGCATC
Forward CAACAATTCCTGGCGATACCTC
TGF-p1
Reverse AAAGCCCTCAATTTCCCCTC
Forward ATTACCTGGAATCCCCCTCAAA
CD45
Reverse TTGTGAAATGACACATTGCAGC

12



Chapter 1: Generation of K562 and H460 Cell Line Overexpressed with CD19 Surface

Marker

Flow Cytometry Analysis Shows High Expression of CD19 Surface Marker On K562 and
H460 Cell Lines After Lentiviral Transduction

One of the major challenges of successfully utilizing CAR therapy to its absolute
potential is the obstacle of finding a appreciable target that has high specificity towards the
tumor cells and very little to no expression on any healthy tissue.*’ To strengthen the CAR model
shown in Figure 2A, which utilizes the well validated anti-human CD19 scFv as the extracellular
binding domain, a CD19 expression vector was encoded into a lentiviral vector and transduced
into the K562 chronic myelogenous leukemia (CML) cell line and H460 large cell lung cancer
cell line (Figure 1A). Before transduction, the surface expression of CD19 on the K562 and
H460 cell lines were stained with anti-human CD19 antibody followed by analyze through flow
cytometry, which showed that K562 WT and H460 WT does not express CD19 (Figure 1B,C).
After transduction of the CD19 expression lentiviral vector, the clones underwent antibiotic
selection to selectively eliminate the non-expressing cells and purify the clones to have a high
expression level of the surface membrane marker CD19. The purified clones that expressed
CD19 were then denoted as K562-CD19 and H460-CD19. After the antibiotic selection, the
CD19 expression clones were stained with anti-human CD19 antibody and analyzed through
flow cytometry. Compare to the WT clones, the CD19 expressing clones have high levels of
expression (>95%) of CD19, which is a high enough efficiency to process to use for the testing

of the CAR models.
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Figure 1: Generation of CD19 Expressing K562 and H460 Cell Lines

A. CD19 expression vector that was used to transduce into the tumor cells line to produce a
transgenic clone overexpressing CD19.

B,C. Surface Expression of CD19 was analyzed using flow cytometry of the transfected clone
compare to the WT.
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Chapter 2: Generation of Chimeric Antigen Receptor Macrophage to Specifically Target

Tumor Cells

Flow Cytometry Analysis Shows High Expression of the CAR Constructs on THP-1 Cell
Line After Lentiviral Transduction

Due to the flexibility of constructing a vast array of different CAR structures, researchers
have experimented with using different types of intracellular signaling domains in order to
optimize the CAR therapy to their needs. Therefore, we have utilized the well-validated anti-
human CD19 scFv as the extracellular binding domain for both CAR constructs used in this
study.”® Both constructs are classified as second generation CAR constructs, but one is the well
validated T cell specific CAR construct focusing of T cell signaling, while the other is specific
towards macrophage signaling. Both CARs contain an extracellular anti-human CD19 scFv,
CDS8a hinge region, and a CD8a transmembrane region, while the differing regions are the
intracellular signaling domains. The T cell specific CAR construct consist of a CD3( stimulatory
domain combined with 4-1BB co-stimulatory domain, while the macrophage specific CAR
construct consists of the signaling domain of Dectin-1 and the Fcy signaling region of an Fc
receptor (Figure 2A). The CAR constructs were encoded into a lentiviral vector and transduced
into the THP-1 cell line that is a representation of monocytes/macrophages. After transduction,
the THP-1 clone that contain the T cell specific CAR construct was denoted as THP-1 CD19
Zeta and the THP-1 clone that contain the macrophage specific CAR construct was denoted as
THP-1 CD19 DecFcr. The transduction efficiency of the CAR construct was based on staining of
Protein L-Biotin followed by an APC-streptavidin incubation and analyzed using flow cytometry

(Figure 2B). Shown in Figure 2B, the control none transduced THP-1 WT displayed no visible

15



binding of the Protein L stain that is specific to the kappa light chains on the anti-human CD19
scFv created from the CAR construct. On the other hand, after transduction, THP-1 CD19 Zeta
and THP-1 CD19 DecFcr both display high levels of Protein L staining compared to the THP-1
WT control, which means that the CAR construct is highly expressed in the THP-1 clones. Both
transduction efficiencies were >95% for both clones, which is a high efficiency to proceed to test

their functionality assays.

16
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Figure 2: Generation of Chimeric Antigen Receptor Macrophage

A. Expression vector of the second generation CAR constructs. THP-1 CD19 Zeta consisted of
anti-CD19 ScFv connected to a transmembrane domain and the stimulatory signaling domain of
CD3( and co-stimulatory domain of 4-1BB. THP-1 CD19 DecFcr consisted of anti-CD19 ScFv
connect to a transmembrane domain and the stimulatory signaling domains of Dectin-1 and Fc
receptor.

B. Surface expression of the CAR construct was using analyzed using flow cytometry

stained with protein L-biotin, subsequently followed by Streptavidin-APC.
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Chapter 3: Chimeric Antigen Receptor Macrophage Against Hematological Malignancies

Flow Cytometry Analysis Shows Anti-CD19 CAR-Macrophage Has the Ability to Suppress
Hematological Malignancies In Vitro

From the data presented from various CAR related clinical trails, CAR immunotherapy
has only been reported to have the most success on eliminating hematological malignancies.*®
Therefore, to evaluate the ability of THP-1 transduced with anti-CD19 CAR against
hematological malignancies, the leukemic cell line K562 was transduced to over express CD19
as a target for the CAR construct. K562 is a non-adherent leukemia cell line that would be a
good representation of a hematological malignancy in vitro. To assess the function of the THP-1
CAR constructs, a 1:1 ratio of K562 WT and K562 CD19 mixture was created and cocultured
with THP-1 CARs at various ratios. After a 24-hour incubation, the cells were run through flow
cytometry to assess the ability of the THP-1 CARs antitumor ability against a hematological
malignancy represented by the cell line K562. The mixture of K562 WT and K562 CD19
displayed two distinct peaks on the histogram graphs each corresponding to the their respective
clones (Figure 3A). With the addition of THP-1 WT the ratio of K562 WT and K562 CD19 had
very minimal to no change even had higher ratios of effector cells to tumor cells. However, upon
addition of the THP-1 transduced with the anti-CD19 CAR construct, the K562 overexpressed
with CD19 were specifically lysed, but none of the K562 WT controls were affected upon the
coculture. Increasing the ratio of effector cells to tumor cells gradually increased the antitumor

ability of the THP-1 CARs (Figure 3B).
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A. A mixture of a 1:1 ratio of K562 and K562 CD19 was make to form two distinct peaks on the
flow cytometry graph. Afterwards THP-1 WT, THP-1 Zeta, and THP-1 DecFcr were cocultured
with the mixture of K562 and K562 CD19 in various ratios to test the antitumor functionality of

the CAR-Macrophage.

B. The CAR-Marcophage mediated antitumor efficacy was quantified based on the flow
cytometry data shown with the mean and standard deviation as the error bar. *P < 0.05, **P <
0.01, ***P <0.001, ****P <(0.0001.
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Chapter 4: Chimeric Antigen Receptor Macrophage Against Solid Tumors

Flow Cytometry Analysis Shows Anti-CD19 CAR-Macrophage Has the Ability to Suppress
Solid Tumors In Vitro

Although, there is significant progress made in CAR immunotherapy against
hematological malignancies, solid tumors has been presented as a challenging obstacle for CAR

immunotherapy to solve.”>

Therefore, to evaluate the ability of THP-1 transduced with a anti-
CD19 CAR construct against solid tumors, the lung cancer cell line H460 was transduced to
overexpress CD19 was a target for the THP-1 CARs. H460 is an adherent lung cancer cell line
that would be a good representative for solid tumors in vitro. Similarly to the previous functional
assay with K562, to assess the function of THP-1 CAR against H460, a 1:1 ratio of H460 WT
and H460 CD19 mixture was created and cocultured with various ratios of effector cells to tumor
cells. After a 24 hour incubation, the cells were run through flow cytometry to assess the
functional abilities of the THP-1 CAR against solid tumors represented by the cell line H460.
The mixture of H460 WT and H460 CD19 creates two distinctive peaks represented their
respective clones on the histogram graphs (Figure 4A). The effects of using only the THP-1 WT
clone has very minimal to no effect at all on the tumor cell line with it having a stable peaks even
with the addition of higher amounts of effector cells. On the other hand, THP-1 clones that were
transduced with the anti-CD19 CAR construct specifically targeted the H460 that were

overexpress with CD19, but none of the control H460 WT. Increasing the amount of THP-1

CAR effector cells greatly increase the antitumor ability of the THP-1 CARs (Figure 4B).
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flow cytometry graph. Afterwards THP-1 WT, THP-1 Zeta, and THP-1 DecFcr were cocultured
with the mixture of H460 and H460 CD19 in various ratios to test the antitumor functionality of
the CAR-Macrophage.
B. The CAR-Marcophage mediated antitumor efficacy was quantified based on the flow

cytometry data shown with the mean and standard deviation as the error bar. *P < 0.05, **P <
0.01, ***P <0.001, ****P <(0.0001.
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Chapter 5: Macrophage Polarization After CAR Activation

RT-PCR Gene Expression Assay Shows That Upon CAR Activation, THP-1 CARs Polarize
Towards the M1 Classical Activated Phenotype

One of the defining characteristics of macrophages is that they possess high levels of
plasticity, which have allowed them to polarize to specific phenotypes in response to
environmental factors that they encounter.” The two distinct phenotypes that macrophages can
polarize to be: the classically activated or pro-inflammatory type 1 (M1) or the alternatively
activated or anti-inflammatory type 2 (M2). Macrophages that are polarized to the classical pro-
inflammatory M1 phenotype during times of injury or infection is connected to the expression of
various cytokines which include TNFa, IL-1, IL-6 and IL-12. On the other hand, the alternative
M2 anti-inflammatory phenotype is connected with TAMs due to their association with

inhibition of T cells caused by their expression of IL-10 and TGFp.>"**

Therefore, in order to test
the polarization of the THP-1 CARs upon encountering tumor cells, the various THP-1 clones
were coculture with H460 CD19 in order to activate the THP-1 cells. After a 24-hour incubation,
the THP-1 cells were harvested and RNA was extracted to perform gene expression assay
through RT-PCR. M1 macrophage polarization was then assessed through the measurement of
various classical M1 markers including: IL-6, IL-13, IL-12, CXCL10, and TNFa, which are
pro-inflammatory cytokines, and HLA-DR and CD86, two M1 related surface markers (Figure
5A). An increase in pro-inflammatory cytokines and surface marker expression upon coculture
with tumor cells, however the relative fold change deferring between the two different CAR

constructs could be due to the differing intercellular signaling motifs. M2 macrophage

polarization was also analyzed through the measurement of various alternative M2 markers,
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including: IL10 and TGFp, which are M2 related cytokines, CCL18 and CCL22, which are M2
related chemokines, and CD204 and CD206, two M2 related surface markers (Figure 5B). Upon
coculture with the tumor cells, THP-1 is not observed to express high levels of M2 related

markers.
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Figure 5A: Chimeric Antigen Receptor Macrophages Polarizes to M1 Phenotype Upon

CAR Activation
THP-1 WT, THP-1 Zeta, and THP-1 DecFcr were cocultured with H460 CD19 for 24 hours to

induce CAR activation and total RNA was extracted from the CAR-Macrophages. RT-PCR
geneexpression assay was done of the extracted RNA to determine the effects of CAR activation
onmacrophage’s phenotype. A. M1 classical activated or pro-inflammatory marker expressions.
B. M2 alternative activated or anti-inflammatory marker expression
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Discussion

Due to the success of CAR-T cell therapy in various different clinical trails against
hematological malignancies, CAR immunotherapy has become one of the leading pioneers
towards fighting cancer.”® Unfortunately, CAR immunotherapy has not found all the answers just
yet, and has encountered various challenging obstacles when confronted by solid tumors.**
Many of the challenges researchers have encountered are due to the hostile immunosuppressive
microenvironment that protects the solid tumors. The immunosuppressive microenvironment has
a hostile environment targets T cells that try to target it due to the hypoxia, low pH, inhibitory
effects of tumor derived cytokines, and upregulation of inhibitory pathways that have diminished
the effects of CAR immunotherapy.” > As a result, many researchers have tried to optimize the
construct of various CARs creating generations of differing constructs in order to combat the
many problems that solid tumor microenvironments have presented.’® Furthermore, one of the
major problems of CAR-T in solid tumor models is their ability to traffick to the actual tumor
site. Therefore, in this study rather than focusing on optimizing T cells for CAR therapy, we
suggest utilizing macrophage as the vessel for CAR therapy. Tumors have been reported to
actually secrete various forms of cytokines that actually recruit myeloid lineage lymphocytes to
the actually tumor sites and tumor-associated macrophages (TAMs) have played an important

. . . 37.38
role in the development of various solid tumors.””

With the ability to actually penetrate through
the hostile solid tumor microenvironment could enhance the antitumor activity of CAR
immunotherapy, and additionally with macrophages ability to present antigen, could potentially
create a secondary immune response. In order to assess the ability of macrophages ability to

utilize CAR immunotherapy, THP-1, a monocytic cell line, was used as a monocyte/macrophage

representative for the transduction of the anti-CD19 CAR constructs. Once transduced with high
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expression of the respective CAR constructs, the THP-1 CARs were cocultured with the
leukemic cell line K562 as a representative for hematological malignancy and the lung cancer
cell line H460 as a representative for solid tumors. Coculture of the THP-1 CARs with the tumor
cells displayed remarkable antitumor functionality of the THP-1 CARs due to their ability to
specifically target the tumor clones overexpressed with CD19 and not any of the tumor WT
clones (Figure 3,4). Therefore, macrophage definitely has the ability to be utilized as a vessel for
CAR immunotherapy and has the potential overcome the challenges of the solid tumor
microenvironment.

The plasticity of macrophages allows them to polarize to specific phenotypes based upon
the environmental factors that are presented to them. The two specific phenotypes that
macrophages can polarize into are the classical activated or as known as the pro-inflammatory
type 1 macrophages (M1), or the alternative activated or as known as the anti-inflammatory type
2 macrophages (M2).>” M1 macrophages are characterized by their polarization after injury or
infection that causes the secretion of pro-inflammatory cytokines, phagocytosis of microbes, and
initiates an immune response. On the other hand, M2 macrophages are characterized by their
ability to heal wounds, repair tissues, and tumor-associated macrophages (TAMs) have been
classified as M2 macrophages due to their ability to suppress immune response with the secretion
of suppressive cytokines.”® Therefore, the THP-1 that were transduced with the CAR constructs
were coculture with H460 CD19 in order to activate the CAR expressing THP-1 clones to
analyze their polarization upon exposure to tumor cells. After coculture, the THP-1 clones were
harvested and RNA was extracted to perform gene expression assay through RT-PCR. Upon
activation of the CAR construct, various pro-inflammatory cytokines that all have a role in

initiating the immune response, which includes IL-6, IL-1p, IL-12f3, and TNFa were all
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upregulated. CXCL10, a chemokine that recruits T cells was also upregulated and various
surface markers like HLA-DR, which has a role in antigen presentation, and CD86, which has a
role in activating T cells, were also upregulated (Figure 5A). On the other hand, upon activation,
various anti-inflammatory cytokines that suppressive T cell like IL-10 and TFGP were
downregulated or not effected. Furthermore, M2 related chemokines CCL18 and CCL22, which
are associated with recruiting naive T-cells and T-regulatory cells respectively to the tumor
microenvironment have very little change upon CAR activation. The chemokines can recruit an
abundance of T-regulatory cells and the suppressive environment due to the secretion of IL-10 in
the tumor microenvironment can suppress dendritic cell maturation that can lead to immune
tolerance.**' Finally, CD204 and CD206, which are Scavenger Receptor-A and Mannose
Receptor respectively and have been reported as TAM associate M2 surface markers that have
shown that cancer patients that have high density of these surface markers in tumors sites have

42,43 .
*2 M2 associated surface markers have shown to decrease or have

worse clinical prognosis.
little to no change on receptor expression upon CAR activation (Figure 5B). Due to the differing
intracellular signals based on the CAR constructs, different levels of cytokines, chemokines, and
surface markers expression are observed. As a result, to these differing expression levels, THP-1
CD19 Zeta had a noticeable high expression of various M1 related markers, which could
ultimately lead to high toxicity if performed in the clinic. On the other hand, THP-1 CD19
DecFcr has had noticeably lower expression of various M1 related markers, which could mean
less toxicity and a safety CAR construct to use in the clinic. Upon activation of the CAR

construct, THP-1 that was transduced with the CAR constructs were not observed to polarize to

the M2 anti-inflammatory phenotype but rather the M1 pro-inflammatory phenotype.
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Chimeric antigen receptor (CAR) T cell immunotherapy has recently been one of the
most promising and significantly impactful types of cancer therapy, especially if use to target
hematological malignancies. Unfortunately, researchers have not been able to specifically
optimize CAR-T immunotherapy to target solid tumors because of the difficulties of bypassing
the tumor’s immunosuppressive microenvironment. Therefore, rather than optimize T cells to
combat solid tumors, in this study we propose the usage of macrophages as a vessel for CAR
immunotherapy. Several reports have shown that macrophages have already been associated with
tumors, which have been named tumor-associate macrophages (TAMs) and additional tumors
secrete various chemokines that recruit myeloid-lineage lymphocytes to the tumor site.>’®
Furthermore, macrophages have the ability to present antigen, which could ultimately lead to
priming of naive T cells into a secondary immune response that could potentially have an impact
of antitumor efficacy.’® Our study validates the proof of concept that macrophages can be used as

a vessel for CAR immunotherapy and potentially be impactful to the field of immunotherapy due

to the idea of providing another route of attack for solid tumors.

29



10.

11.

12.

References

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2018. CA. Cancer J. Clin. 68, 7—
30 (2018).

Weir, H. K., Thompson, T. D., Soman, A., Meller, B. & Leadbetter, S. The past, present,
and future of cancer incidence in the United States: 1975 through 2020. Cancer 121,
1827-1837 (2015).

Gross, L. Intradermal Immunization of C3H Mice against a Sarcoma That Originated in
an Animal of the Same Line. Cancer Res. 3, 326 LP-333 (1943).

Foley, E. J. Antigenic Properties of Methylcholanthrene-induced Tumors in Mice of the
Strain of Origin. Cancer Res. 13, 835 LP-837 (1953).

Couzin-Frankel, J. Cancer Immunotherapy. Science (80-. ). 342, 1432 LP-1433 (2013).

Heiblig, M., Elhamri, M., Michallet, M. & Thomas, X. Adoptive immunotherapy for acute
leukemia: New insights in chimeric antigen receptors. World J. Stem Cells 7, 1022—-1038
(2015).

Firor, A. E., Jares, A. & Ma, Y. From humble beginnings to success in the clinic:
Chimeric antigen receptor-modified T-cells and implications for immunotherapy. Exp.
Biol. Med. (Maywood). 240, 1087-1098 (2015).

Becker, M. L. B, Near, R., Mudgett-Hunter, M., Margolies, M. N., Kubo, R. T., Kaye, J.
& Hedrick, S. M. Expression of a hybrid immunoglobulin-T cell receptor protein in
transgenic mice. Cell 58, 911-921 (1989).

Goverman, J., Gomez, S. M., Segesman, K. D., Hunkapiller, T., Laug, W. E. & Hood, L.
Chimeric immunoglobulin-T cell receptor proteins form functional receptors: Implications
for T cell receptor complex formation and activation. Cel/ 60, 929-939 (1990).

Gross, G., Waks, T. & Eshhar, Z. Expression of immunoglobulin-T-cell receptor chimeric
molecules as functional receptors with antibody-type specificity. Proc. Natl. Acad. Sci. U.
S. 4. 86, 10024-10028 (1989).

Kuwana, Y., Asakura, Y., Utsunomiya, N., Nakanishi, M., Arata, Y., Itoh, S., Nagase, F.
& Kurosawa, Y. Expression of chimeric receptor composed of immunoglobulin-derived V
resions and T-cell receptor-derived C regions. Biochem. Biophys. Res. Commun. 149,
960-968 (1987).

Kim, M.-G., Kim, D., Suh, S.-K., Park, Z., Choi, M. J. & Oh, Y.-K. Current status and

regulatory perspective of chimeric antigen receptor-modified T cell therapeutics. Arch.
Pharm. Res. 39, 437-452 (2016).

30



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Sha, H.-H., Wang, D.-D., Yan, D.-L., Hu, Y., Yang, S.-J., Liu, S.-W. & Feng, J.-F.
Chimaeric antigen receptor T-cell therapy for tumour immunotherapy. Biosci. Rep. 37,
BSR20160332 (2017).

Savoldo, B., Ramos, C. A., Liu, E., Mims, M. P., Keating, M. J., Carrum, G., Kamble, R.
T., Bollard, C. M., Gee, A. P., Mei, Z., Liu, H., Grilley, B., Rooney, C. M., Heslop, H. E.,
Brenner, M. K. & Dotti, G. CD28 costimulation improves expansion and persistence of
chimeric antigen receptor-modified T cells in lymphoma patients. J. Clin. Invest. 121,

1822-1826 (2011).

Jakobsen, M. K., Restifo, N. P., Cohen, P. A., Marincola, F. M., Cheshire, L. B., Linehan,
W. M., Rosenberg, S. A. & Alexander, R. B. Defective major histocompatibility complex

class I expression in a sarcomatoid renal cell carcinoma cell line. J. Immunother.
Emphasis Tumor Immunol. 17,222—228 (1995).

Lou, Y., Basha, G., Seipp, R. P., Cai, B., Chen, S. S., Moise, A. R., Jeffries, A. P.,
Gopaul, R. S., Vitalis, T. Z. & Jefferies, W. A. Combining the Antigen Processing
Components TAP and Tapasin Elicits Enhanced Tumor-Free Survival. Clin. Cancer Res.
14, 1494 LP-1501 (2008).

Singh, R. & Paterson, Y. Immunoediting Sculpts Tumor Epitopes during Immunotherapy.
Cancer Res. 67, 1887 LP-1892 (2007).

Vago, L., Perna, S. K., Zanussi, M., Mazzi, B., Barlassina, C., Stanghellini, M. T. L.,
Perrelli, N. F., Cosentino, C., Torri, F., Angius, A., Forno, B., Casucci, M., Bernardi, M.,
Peccatori, J., Corti, C., Bondanza, A., Ferrari, M., Rossini, S., Roncarolo, M. G.,
Bordignon, C., Bonini, C., Ciceri, F. & Fleischhauer, K. Loss of Mismatched HLA in
Leukemia after Stem-Cell Transplantation. N. Engl. J. Med. 361, 478—488 (2009).

Hillerdal, V. & Essand, M. Chimeric antigen receptor-engineered T cells for the treatment
of metastatic prostate cancer. BioDrugs 29, 75-89 (2015).

Abken, H., Chmielewski, M. & Hombach, A. Antigen-Specific T-Cell Activation
Independently of the MHC: Chimeric Antigen Receptor-Redirected T Cells. Frontiers in
Immunology 4,371 (2013).

Bonifant, C. L., Jackson, H. J., Brentjens, R. J. & Curran, K. J. Toxicity and management
in CAR T-cell therapy. Mol. Ther. oncolytics 3, 16011 (2016).

Ginaldi, L., De Martinis, M., Matutes, E., Farahat, N., Morilla, R. & Catovsky, D. Levels

of expression of CD19 and CD20 in chronic B cell leukaemias. J. Clin. Pathol. 51, 364—
369 (1998).

31



23.

24.

25.

26.

27.

28.

29.

30.

31.

van Zelm, M. C., Reisli, 1., van der Burg, M., Castafo, D., van Noesel, C. J. M., van Tol,
M. J. D., Woellner, C., Grimbacher, B., Patifio, P. J., van Dongen, J. J. M. & Franco, J. L.
An Antibody-Deficiency Syndrome Due to Mutations in the CD19 Gene. N. Engl. J. Med.
354, 1901-1912 (2006).

Nadler, L. M., Anderson, K. C., Marti, G., Bates, M., Park, E., Daley, J. F. & Schlossman,
S. F. B4, a human B lymphocyte-associated antigen expressed on normal, mitogen-
activated, and malignant B lymphocytes. J. Immunol. 131, 244 LP-250 (1983).

Scheuermann, R. H. & Racila, E. CD19 Antigen in Leukemia and Lymphoma Diagnosis
and Immunotherapy. Leuk. Lymphoma 18, 385-397 (1995).

Kershaw, M. H., Westwood, J. A., Parker, L. L., Wang, G., Eshhar, Z., Mavroukakis, S.
A., White, D. E., Wunderlich, J. R., Canevari, S., Rogers-Freezer, L., Chen, C. C., Yang,
J. C., Rosenberg, S. A. & Hwu, P. A phase I study on adoptive immunotherapy using
gene-modified T cells for ovarian cancer. Clin. Cancer Res. 12, 6106—-6115 (2006).

Davila, M. L., Riviere, 1., Wang, X., Bartido, S., Park, J., Curran, K., Chung, S. S.,
Stefanski, J., Borquez-Ojeda, O., Olszewska, M., Qu, J., Wasielewska, T., He, Q., Fink,
M., Shinglot, H., Youssif, M., Satter, M., Wang, Y., Hosey, J., Quintanilla, H., Halton, E.,
Bernal, Y., Bouhassira, D. C. G., Arcila, M. E., Gonen, M., Roboz, G. J., Maslak, P.,
Douer, D., Frattini, M. G., Giralt, S., Sadelain, M. & Brentjens, R. Efficacy and toxicity
management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci.
Transl. Med. 6, 224ra25-224ra25 (2014).

Maude, S. L., Frey, N., Shaw, P. A., Aplenc, R., Barrett, D. M., Bunin, N. J., Chew, A.,
Gonzalez, V. E., Zheng, Z., Lacey, S. F., Mahnke, Y. D., Melenhorst, J. J., Rheingold, S.
R., Shen, A., Teachey, D. T., Levine, B. L., June, C. H., Porter, D. L. & Grupp, S. A.
Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. J. Med.
371, 1507-1517 (2014).

Sotillo, E., Barrett, D. M., Black, K. L., Bagashev, A., Oldridge, D., Wu, G., Sussman, R.,
Lanauze, C., Ruella, M., Gazzara, M. R., Martinez, N. M., Harrington, C. T., Chung, E.
Y., Perazzelli, J., Hofmann, T. J., Maude, S. L., Raman, P., Barrera, A., Gill, S., Lacey, S.
F., Melenhorst, J. J., Allman, D., Jacoby, E., Fry, T., Mackall, C., Barash, Y., Lynch, K.
W., Maris, J. M., Grupp, S. A. & Thomas-Tikhonenko, A. Convergence of Acquired
Mutations and Alternative Splicing of CD19 Enables Resistance to CART-19
Immunotherapy. Cancer Discov. 5, 1282—1295 (2015).

D’Aloia, M. M., Zizzari, 1. G., Sacchetti, B., Pierelli, L. & Alimandi, M. CAR-T cells: the
long and winding road to solid tumors. Cell Death Dis. 9, 282 (2018).

Lamers, C. H. J., Sleijfer, S., Vulto, A. G., Kruit, W. H. J., Kliffen, M., Debets, R.,
Gratama, J. W., Stoter, G. & Oosterwijk, E. Treatment of Metastatic Renal Cell
Carcinoma With Autologous T-Lymphocytes Genetically Retargeted Against Carbonic
Anhydrase IX: First Clinical Experience. J. Clin. Oncol. 24, €20—22 (20006).

32



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Beavis, P. A., Slaney, C. Y., Kershaw, M. H., Gyorki, D., Neeson, P. J. & Darcy, P. K.
Reprogramming the tumor microenvironment to enhance adoptive cellular therapy. Semin.
Immunol. 28, 64-72 (2016).

Moon, E. K., Wang, L.-C., Dolfi, D. V, Wilson, C. B., Ranganathan, R., Sun, J., Kapoor,
V., Scholler, J., Puré, E., Milone, M. C., June, C. H., Riley, J. L., Wherry, E. J. & Albelda,
S. M. Multifactorial T-cell hypofunction that is reversible can limit the efficacy of
chimeric antigen receptor-transduced human T cells in solid tumors. Clin. Cancer Res. 20,
42624273 (2014).

Park, H. J., Kusnadi, A., Lee, E.-J., Kim, W. W, Cho, B. C,, Lee, L. J., Seong, J. & Ha, S.-
J. Tumor-infiltrating regulatory T cells delineated by upregulation of PD-1 and inhibitory
receptors. Cell. Immunol. 278, 7683 (2012).

Zheng, Y., Zha, Y. & Gajewski, T. F. Molecular regulation of T-cell anergy. EMBO Rep.
9, 50-55 (2008).

Underhill, D. M., Bassetti, M., Rudensky, A. & Aderem, A. Dynamic interactions of
macrophages with T cells during antigen presentation. J. Exp. Med. 190, 1909-1914
(1999).

Zhang, Y., Cheng, S., Zhang, M., Zhen, L., Pang, D., Zhang, Q. & Li, Z. High-infiltration
of tumor-associated macrophages predicts unfavorable clinical outcome for node-negative
breast cancer. PLoS One 8, ¢76147—76147 (2013).

Almatroodi, S. A., McDonald, C. F., Darby, I. A. & Pouniotis, D. S. Characterization of
M1/M2 Tumour-Associated Macrophages (TAMs) and Th1/Th2 Cytokine Profiles in
Patients with NSCLC. Cancer Microenviron. 9, 1-11 (2015).

Genin, M., Clement, F., Fattaccioli, A., Raes, M. & Michiels, C. M1 and M2 macrophages
derived from THP-1 cells differentially modulate the response of cancer cells to etoposide.
BMC Cancer 15, 577 (2015).

Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A. & Locati, M. The
chemokine system in diverse forms of macrophage activation and polarization. Trends
Immunol. 25, 677-686 (2004).

Kaku, Y., Imaoka, H., Morimatsu, Y., Komohara, Y., Ohnishi, K., Oda, H., Takenaka, S.,
Matsuoka, M., Kawayama, T., Takeya, M. & Hoshino, T. Overexpression of CD163,
CD204 and CD206 on alveolar macrophages in the lungs of patients with severe chronic
obstructive pulmonary disease. PLoS One 9, e87400—-e87400 (2014).

Miyasato, Y., Shiota, T., Ohnishi, K., Pan, C., Yano, H., Horlad, H., Yamamoto, Y.,
Yamamoto-Ibusuki, M., Iwase, H., Takeya, M. & Komohara, Y. High density of CD204-

positive macrophages predicts worse clinical prognosis in patients with breast cancer.
Cancer Sci. 108, 1693—-1700 (2017).

33



43.

Scodeller, P., Simén-Gracia, L., Kopanchuk, S., Tobi, A., Kilk, K., Sailik, P., Kurm, K.,
Squadrito, M. L., Kotamraju, V. R., Rinken, A., De Palma, M., Ruoslahti, E. & Teesalu,
T. Precision Targeting of Tumor Macrophages with a CD206 Binding Peptide. Sci. Rep. 7,
14655 (2017).

34





