Hong Kong Baptist University

DOCTORAL THESIS

Developing new immuno-oncology drugs from traditional Chinese medicine
Li, Yang
Date of Award:
2020

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:
• Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
• Users cannot further distribute the material or use it for any profit-making activity or commercial gain
• To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 09 Jan, 2023

HONG KONG BAPTIST UNIVERSITY
Doctor of Philosophy
THESIS ACCEPTANCE
DATE: October 28, 2020
STUDENT'S NAME: LI Yang
THESIS TITLE:

Developing New Immuno-oncology Drugs from Traditional Chinese Medicine

This is to certify that the above student's thesis has been examined by the following panel
members and has received full approval for acceptance in partial fulfilment of the requirements for the
degree of Doctor of Philosophy.

Chairman:

Dr Ren Kangning
Associate Professor, Department of Chemistry, HKBU
(Designated by Dean of Faculty of Science)

Internal Members:

Prof So Shu Kong
Professor, Department of Physics, HKBU
(Designated by Head of Department of Physics)
Dr Tian Liang
Assistant Professor, Department of Physics, HKBU

External Examiners:

Dr Li Xiaoyu
Associate Professor
Department of Chemistry
The University of Hong Kong
Dr Lam Yun Wah
Associate Professor
Department of Chemistry
City University of Hong Kong

In-attendance:

Dr Shi Jue
Associate Professor, Department of Physics, HKBU

Issued by Graduate School, HKBU

Developing New Immuno-oncology Drugs from
Traditional Chinese Medicine

LI Yang

A thesis submitted in partial fulfilment of the requirements
for the degree of
Doctor of Philosophy

Principal Supervisor:
Dr. SHI Jue (Hong Kong Baptist University)
October 2020

DECLARATION

I hereby declare that this thesis represents my own work which has been done after
registration for the degree of PhD at Hong Kong Baptist University, and has not been
previously included in a thesis or dissertation submitted to this or any other institution
for a degree, diploma or other qualifications.
I have read the University’s current research ethics guidelines and accept
responsibility for the conduct of the procedures in accordance with the University’s
Research Ethics Committee (REC). I have attempted to identify all the risks related to
this research that may arise in conducting this research, obtained the relevant ethical
and/or safety approval (where applicable), and acknowledged my obligations and the
rights of the participants.

Signature:
Date: October 2020

i

Abstract

The most exciting area in current cancer research is immuno-oncology, which aims to
develop immunotherapy that activates the human immune system to attack cancers.
However, we still lack broadly effective drugs and drug targets for this promising new
cancer treatment modality. In an attempt to seek new immuno-oncology drugs that
particularly target the antitumor innate immunity, our lab had previously screened
traditional Chinese herbal medicine and found that water extract from a medicinal plant,
Alocasia Cucullata (AC), has strong anticancer activity in mouse solid tumor models
and acts partly by promoting antitumor, proinflammatory macrophages. However, the
active components responsible for this exciting immuno-oncology activity and the
corresponding immune targets are unknown. Therefore, the aim of my PhD study is to
develop chemical biology strategies to isolate and purify the active components of AC
from the crude water extract and identify the corresponding cellular targets and
mechanisms. Results from my study identified two separable activities and active
components, one smaller than 3K and the other larger than 100K, which work
synergistically to simulate antitumor macrophages. Further analysis revealed
the >100K active component is a large polysaccharide that binds to multiple Toll-like
Receptors (TLRs) critical for activating proinflammatory M1-type macrophages.
Identity of the <3K active component is not completely resolved due to the difficulty
of purifying this highly hydrophilic small molecule using conventional chromatography
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techniques. Nonetheless, I was able to clean up this fraction by 50 fold and perform
RNAseq to examine the innate immune targets of this intriguing drug lead and found it
acts to differentiate monocytes to macrophages. Overall my PhD thesis has explored
new chemical biology strategies to purify and characterize active components from
traditional Chinese medicine towards new drug development and developed a variety
of cell-based immune activity assays for identifying and characterizing novel innate
immune drug targets and mechanisms.
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Chapter 1

1.1.

Introduction

Cancer and traditional cancer therapy
Cancer is a malignant disease involving uncontrolled cell growth with the

potential of metastasis to other tissues in the body through the blood and lymphatic
systems. Cancer generally has six major characteristics: sustaining proliferative
signaling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, and activating invasion and metastasis [4]. Most
cancer mortality is due to metastasis [5]. Despite the development of advanced medical
treatment strategies and therapies, cancer remains a major lethal disease [6]. In 2015
alone, there were about 3.9 million newly diagnosed cancer cases in China,
corresponding to an average of 7.5 new cancer diagnoses every minute, and 2.3 million
cancer fatality were recorded in the same year [7]. Globally, lung cancer is the most
lethal malignancy among different cancer types. Although the 5-year survival rate for
all cancers in China has increased from 30.9% (2003-2005) to 40.5% (2012-2015) in
the past decade [8], the disease outcome in China still lags behind the developed
countries. For instance, the 5-year survival rate of cancer in the United States reached
66% in 2017 [9]. So far there is still no broadly effective treatment strategy for most
cancer types. The lack of effective anticancer treatment is mainly due to the large tumor
variability at both the genotype and phenotype level. Genomic instability is one key
characteristic of cancer and the primary cause of cancer heterogeneity. In order to
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improve cancer treatment, we need to better understand tumor heterogeneity as well as
developing new drugs and drug targets that can combat both tumor variability and
acquired drug resistance during treatment [10].
The major treatment modalities for cancer include surgery, radiation therapy
and chemotherapy. For early-stage and operable disease, surgical removal is highly
effective. However, for metastatic disease, chemotherapy is often the only option with
low response rate and high occurrence of disease relapse. Despite the development of
targeted drugs, cytotoxic chemotherapy, including DNA damaging drugs, antimetabolites and anti-mitotics, remains the main drug treatment modality for cancer
patients. DNA damaging drugs trigger DNA strand breaks, which subsequently activate
cell cycle checkpoints that lead to cell cycle arrest or cell death [11]. Based on the
different mechanisms of action and types of DNA damage, these DNA damaging drugs
can be classified as alkylating agents, platinum-based drugs and topoisomerase
inhibitors. Alkylating agents are electrophiles that can attach an alkyl group to DNA,
resulting in DNA damage [11]. The alkylating agent, nitrogen mustard, is the first DNA
damaging drug that acts by forming guanine-guanine and guanine-adenine interstrand
crosslinks that block DNA replication, thus leading to strand breaks and cell death [12].
Platinum-based drugs are coordination complexes of platinum. They cause DNA
crosslinks through the platinum-DNA adducts and induce DNA unwinding and DNA
bending that block DNA replication [13]. Topoisomerase inhibitors bind to DNA
topoisomerase to suppress strand relegation, subsequently inducing DNA damage [14].
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Antimetabolites are analogs of cellular metabolites, whose incorporation into
DNA/RNA disrupts normal DNA/RNA replication. A widely used antimetabolite in the
clinic is 5-flurouracil (5-FU), whose cellular metabolites are incorporated into DNA
and RNA in place of thymine or uracil and prevent chain elongation, thus triggering
growth arrest or apoptosis [15]. Classic antimitotic drugs are mainly microtubule
inhibitors that disrupt the polymerization dynamics of microtubules and subsequently
activate the spindle assembly checkpoint (SAC) that inhibits transition from metaphase
to anaphase and thus arrest cells in mitosis [16]. Cells in mitotic arrest either die by
apoptosis or become senescent [17]. Although the above cytotoxic chemotherapy can
attenuate tumor growth for some patients, low selectivity for tumor cells, inherent
genotoxicity and treatment-associated adverse effects are prominent in these cytotoxic
regimens, thus limiting their efficacy and applicability to the diverse population of
cancer patients.

1.2.

Cancer and the immune system
The interplay between the immune system and cancer has been widely

recognized for more than a century. Targeting the immune system for cancer treatment
is a rapidly developing research area, as scientists continue to unravel the intricate role
played by the immune system in modulating oncogenesis, metastasis and tumor
response to drug treatment [18]. The immunogenicity of tumor is believed to originate
from tumor-specific antigen peptides, generated by overexpression, mutation, or viral
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infection [19]. These antigens are either presented on the cancer cell surface or released,
subsequently activating innate immune cells, e.g., macrophages and dendritic cells,
which then recruit cytotoxic lymphocytes to elicit cancer cell killing. An emerging
hallmark of malignant cancer is its capability to evade immune detection and
elimination, making immunotherapy an attractive alternative to cytotoxic anticancer
regimens [20] [21].

1.3.

Overview of the immune system
The human immune system is a complex organization of cells and signaling

cascades that defends the body against infection and cellular abnormality, such as
cancer. Broadly speaking, the immune system can be divided into innate immunity and
adaptive immunity [22]. The innate immunity is the oldest defense strategy and the
body’s first defense to any pathogenic intruder. Once pathogens are able to penetrate
the epithelial surfaces and mucous membrane, which serve as physical barriers against
pathogen [14], the innate immunity is activated by inflammatory signals released by
the pathogens [23]. Most specialized immune cells belonging to the innate immune
defense system are from the myeloid lineage, including macrophages, granulocytes,
mast cells and dendritic cells [22]. These sensor cells are capable of detecting
pathogens and cancer cells by expressing a number of surface receptors that recognize
the “pathogen-associated molecular patterns” (PAMPs) and/or “damage-associated
molecular patterns” (DAMPs) [24]. While the innate immune cells mostly perform the
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sensor function and can contain small-scale infection and cell abnormality locally, the
adaptive immune system plays the important role to elicit specific and large-scale
immune response to eliminate pathogens, pathogen-infected cells or cancer cells and
generate immune memory. The adaptive immune system consist of two major types of
lymphocytes, i.e., B cells and T cells [25]. B cells mature in the bone marrow and
mainly function in the humoral immune response to secret antibodies [26]. T cells
mature in the thymus and are further differentiated into different functional subtypes,
such as cytotoxic T cells, helper T cells and regulatory T cells. T cells can either kill the
infected cells or provide signals to other immune cells, such as macrophage, to help
eliminating the pathogens [27]. A hallmark of adaptive immunity is the clonal
expansion of lymphocytes with immunological memory [25].

1.3.1. Macrophage, a key innate immune cell type
In my PhD study, I focused on developing new drugs and drug targets to activate
the anticancer activity of one particular type of innate immune cell, i.e., macrophage.
Macrophages are scavenger of the innate immune system and respond to infection by
phagocytizing pathogen or producing inflammatory mediators [28]. As early as 1900,
Elie Metchnikoff had discovered these intriguing phagocytic cells. Macrophages
normally reside in the tissue and can also circulate via the blood [29]. In addition to
phagocytosis, i.e., engulfing and killing pathogens, macrophages also perform the
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important function of antigen processing and presentation that mediate the adaptive
immune response as well as orchestrating the immune response [30]. When
inflammatory signals stimulate the macrophages, they secrete pro-inflammatory or
anti-inflammatory cytokines to activate other immune cell types. Tumor necrosis
factor-α (TNFα), interleukin-1 (IL-1), and IL-6 are the well-known pro-inflammatory
cytokines secreted by macrophage, and interleukin-10 (IL-10) and transforming growth
factor beta (TGF-β) are the most well-studied anti-inflammatory cytokines [1].
Macrophages are differentiated from monocytic precursors and can be further
activated into distinct functional subtypes, depending on the specific signals from the
local tissue environment. It is generally accepted that the wide spectrum of macrophage
subtypes can be broadly classified into two extreme of phenotypes, M1 and M2.
Classically activated M1 macrophages can produce pro-inflammatory cytokines, such
as interleukin 12 (IL-12) and TNF-α, and further modulate host defense against
different pathogens and promote antitumor response through production of reactive
nitrogen and oxygen species. In contrast, M2 macrophages are defined as macrophages
that produce anti-inflammatory cytokines, such as IL-6, IL-10 and TGF-β, and thus
resist parasite infection, promote tissue repair (i.e., wound healing) and remodeling as
well as promote tumor progression [31] [32]. Both M1 and M2 macrophages act as
critical mediators of tumor initiation, proliferation and metastasis, exerting opposite
effects, i.e., M1 is antitumor and M2 is pro-tumor in general [33].
Macrophages can be activated and polarized towards the M1 phenotype by
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stimuli, such as: (1) lipopolysaccharide (LPS), a constituent of the extracellular
membrane of Gram-negative bacteria; (2) pro-inflammatory cytokines, e.g., TNF-α and
IFN-γ; (3) granulocyte-macrophage colony stimulating factor (GM-CSF). LPS is a
well-known M1 macrophage stimulus and binds to Toll-like receptor 4 (TLR4) on
macrophage surface, which subsequently triggers the myeloid differentiation primary
response 88 (MyD88) and TRIF-dependent pathway to produce strong proinflammatory cytokines (e.g., IFN-β, IL-12, and TNF-α) that often lead to an antitumor
microenvironment. M1 macrophages express high levels of major histocompatibility
complex class II (MHC II), and are identified in vitro as an IL-12highIL-23highIL-10low
phenotype [34].
In contrast, M2 macrophage is induced by macrophage colony-stimulating
factor (M-CSF), IL-4, IL-10, TGF-β, IL-13, fungi and helminth infections. M2
macrophages have been characterized as IL-12lowIL-10highIL-1decoyRhighIL-1RAhigh
and have high expression of scavenger mannose and galactose E-type and C-type
receptors [35]. M2 macrophage can be further classified into a number of subsets, i.e.,
M2a, M2b, M2c, and M2d. M2a macrophage are induced by IL-4, IL-13 and IL-10,
and promote type II immune responses and production of pro-fibrotic factors, such as
TGF‐β [36]. M2b macrophage are induced by TLR or IL-1, and secrete
proinflammatory cytokines, such as IL‐1β, IL‐6, and TNF‐α, as well as antiinflammatory cytokine, such as IL-10 [36]. M2b macrophages have been found to
promote tumor development by attenuating the immune response [37]. M2c
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macrophages are induced by anti-inflammatory factors, such as IL-10 and TGF-β, and
are known to remodel the extracellular matrix and suppress immunity [31]. M2d
macrophages, also known as the tumor-associate macrophage (TAMs), are induced by
growth factors and cytokines rich in the tumor microenvironment and exhibit
immunosuppressive and pro-tumor activities [38]. Overall, all subtypes of M2
macrophages tend to have pro-tumor activity and macrophages in the tumor primarily
display an M2-like phenotype. Increasing evidence indicates that TAMs, in particular,
stimulate cancer cell proliferation by secreting epidermal growth factor (EGF), induce
tumor angiogenesis by secreting vascular EGF, and also promote tumor metastasis
[39][33]. In addition, TAMs induce immunosuppression and inhibit T-cell immune
response by secreting immunosuppressive cytokines, such as IL-10 and TGF-β [40].
As tumor progresses, macrophages in the tumor microenvironment tend to switch from
the M1 to M2 phenotype, co-opting with other pro-tumor signaling to engender a
favorable microenvironment for tumor growth and metastasis [41].
Targeting TAMs repolarization, i.e., switching it from M2 back to the antitumor
M1 phenotype, is one viable strategy to develop new cancer immunotherapy. For
instance, Song and Chen have shown that hyaluronan acid can induce the repolarization
of M2 macrophages towards the M1 phenotype by activating the nuclear factor kappa
B (NK-κB) or the interferon regulatory factor 3 (IRF3) pathway [42]. Baicalin, a natural
compound, was also found to suppress the growth of hepatocellular carcinoma by
stimulating the reprogramming of the M2-like macrophage to M1-like macrophage via
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the transcriptional activation of RelB/p52 pathway [43]. Moreover, Liu and Luo found
a natural polysaccharide, β-glucan, had the bioactivity to convert M2-like macrophages
to the M1-like phenotype by activating the C-type lectin receptor dectin-1-induced SykCard9-Erk pathway and such repolarization of macrophages can suppress tumor growth
in vivo [44].
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Figure 1.1 The process of monocyte differentiation into macrophage and activation of
different macrophage phenotypes. LPS, GM-CSF and INF-γ are the major stimuli of
M1 macrophages, which secrete pro-inflammatory cytokines, such as TNF, IL-6 and
IL-12, and play an antitumor role. M2 macrophages can be activated by M-CSF, IL-4
and IL-13 and are associated with anti-inflammatory, protumor functions. (Figure taken
from reference [1]).
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1.3.2. The Toll-Like receptor signaling pathways
One major signaling cascade that the macrophages employ to recognize
invading pathogens and cell abnormality is the Toll-like receptors (TLRs) pathway.
TLRs are critical pattern-recognition receptors (PRRs) mainly expressed by sentinel
cells, such as macrophages and dendritic cells. They are transmembrane receptors
localized to either the cell surface or the intracellular compartments. TLRs consist of
three particular domains, including the extracellular domain, the transmembrane
domain and the cytoplasmic Toll/IL-1 receptor (TIR) domain [45]. All forms of the
extracellular domains exhibit a horseshoe-like shape, and are composed of 16-28
leucine-rich repeats (LRRs) that regulate PAMPs/DAMPs recognition [46]. The
transmembrane domains of TLRs consist of 20 uncharged, mostly hydrophobic
residues. Some of them participate in the TLRs homo- and hetero- dimerization and
function [47]. The TIR domain is composed of three highly conserved residues
embedded in a core sequence, ranging from 135 to 160 amino acids [48]. There are six
adaptor proteins for TIR domain-containing adaptors to initiate immune signaling,
including the Myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like (Mal,
also known as TIRAP), TIR domain containing adaptor inducing interferon-β (TRIF,
also known as TICAM-1), TRIF-related adaptor molecule (TRAM, also known as
TICAM-2), sterile α and heat-armadillo motifs (SARM) and B-cell adaptor for PI3K
(BCAP) [49]. It has been shown that this particular domain is essential for ligand
binding and initiation of the downstream signaling pathways.
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In humans, ten different TLR family members have been identified and
characterized, which can respond to diverse PAMPs and DAMPs. These TLRs are
divided into two main subfamilies according to their localization, i.e., cell surface TLRs
and intracellular TLRs. TLR1, 2, 4, 5 and 6 are extracellular reporters located at the
plasma membrane. They bind to and detect the microbial components in the external
environment, such as lipopeptides (detected by TLR2 or TLR6), lipopolysaccharide
(detected by TLR4), and bacterial flagellin (detected by LR1 in association with TLR5).
In contrast, TLR3, 7, 8 and 9 are localized in the intracellular vesicles and mainly
recognize nucleic acids. For instance, TLR3 recognizes viral double-stranded RNA,
TLR7 and TLR8 recognize viral or bacterial single-stranded RNA, and TLR9 recognize
CpG-rich unmethylated DNA [50].
Upon recognition, TLRs recruit TIR adaptors to activate the downstream
immune signaling pathway and subsequently key transcription factors, such as NF-κB
and IRFs, which induce the transcription of a variety of inflammatory cytokines and
chemokines, e.g., TNFα [24]. There are two classical signaling pathways turned on by
TLRs, the MyD88-dependent pathway and the TRIF-dependent pathway. Except for
TLR3, all TLRs utilize the MyD88-dependent pathway. Upon TLR activation by
binding to PAMP/DAMP, the IL-1 receptor-associated kinase (IRAK) family members
are recruited to the activated TLRs and form a large complex with MyD88, called
Myddosome [51]. IRAK4 typically initiates formation of the complex, which
subsequently activates other members of the IRAK family, such as IRAK1 and IRAK2,
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by autophosphorylation [52]. The activated IRAK1 then interacts with TNF receptorassociated factor 6 (TRAF6) and forms a complex with E2 ubiquitin-conjugating
enzymes. This complex promotes the polyubiquitination of both TRAF6 and the
transforming growth factor beta -activated kinase 1 (TAK1) protein kinase complex via
K63-linked ubiquitination [53]. The activated TAK1 then triggers the activation of two
distinct downstream pathways for immune response, i.e., the nuclear factor-κB (NF-κB)
pathway and the mitogen-activated protein kinase (MAPK) pathway. Specifically, to
activate the NF-κB pathway, TAK1 interacts with the enzyme IκB kinase (IKK)
complex, which then phosphorylates IKKβ and increases its enzymatic activity. This
results in the degradation of NF-κB inhibitory protein (IκBα) and activation of the
transcription factor, NF-κB, to upregulate proinflammatory gene expression [54]
An alternative TLR signaling pathway is the TRIF-dependent pathway. In the
MyD88-knockout cells, TLR4 simulation is still able to activate NF-κB and MAPK,
though with delayed kinetics, implicating the importance of the TRIF-dependent
pathway [55]. Via the TRIF-dependent signaling pathway, TLR4 and TLR3 can activate
not only NF-κB but also Interferon regulatory factors (IRFs), another key immune
transcription factor. The signaling cascade of TRIF-dependent pathway is briefly
summarized as follows. TLR4 activated at the plasma membrane recruits TRIF through
TRAM to the signaling complex that engages TRAF6 in the N-terminal of TRIF or
interacts with R1P1 in the C-terminal of TRIF. This complex can activate TAK1, and
TAK1 eventually activates NF-κB, as discussed above [56]. Alternatively, TLR4 and
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TLR3, which are activated at the endosomal membranes, recruit TRAM and TRIF to
activate TRAF3 [57]. TRAF3 then forms a complex with TBK1 and IKKi/IKK by
auto-ubiquitination via the noncanonical K63-linked polyubiquitination [58]. This
complex subsequently activates IRF3 or IRF7 through serine phosphorylation, which
enables the dimerization of IRF3 or IRF7 [59]. The dimerized IRF3 and IRF7 then
translocate to the nucleus, where they binds to DNA target sequences to transcribe
Interferons (IFNs) and IFN-inducible genes [60].
Over the last few decades, significant progress has been made in the
understanding of TLRs and the downstream signaling pathways that they activate. It
has been illustrated that trafficking of TLRs and modification of signaling molecules,
such as ubiquitination and phosphorylation, play crucial roles in the activation of TLR
signaling. TLRs are essential receptors in the fight against pathogens and cell
abnormality by activating the innate immune system and unleashing the adaptive
immune response. Malfunction of the TLRs signaling pathway, e.g. due to mutation of
TLR molecules, is linked to a number of inflammatory diseases, such as allergy and
chronic inflammation. Researches are also finding increasing evidence that connects
cancer and cancer treatment with TLRs. For instance, an increased repertoire of TLRs
were found in many cancer cell types as compared to their normal counterparts. And an
increased rate of cell proliferation was observed in cancer cell lines with high
expression levels of TLRs [61]. Moreover, imiquimod, an agonist of TLR7, has been
used as anticancer drug for treating chronic lymphocytic leukemia and melanoma [62].
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Further understanding of TLR signaling will undoubtedly reveals novel drug targets
and drugs for improving cancer therapy.

15

Figure 1.2. A diagram of the TLR signaling pathway. Except for TLR3, all TLRs recruit
MyD88, and MyD88 subsequently recruits IRAK family members, resulting in
phosphorylation and activation of IRAK1. This complex subsequently activates TAK1,
which phosphorylates both mitogen-activated protein (MAP) kinases and the IKK
family member NF-κB essential modifier (NEMO). The IKK complex then
phosphorylates IκB, which leads to its ubiquitylation and subsequent degradation. This
allows NF-κB to translocate to the nucleus and induce the expression of its target genes,
e.g., inflammatory cytokines. TLR7/8/9 signaling activates the phosphorylation of
IRF7, which enables it to translocate into the nucleus to upregulate IFN and IFNinducible genes. TLR3/4 can also engage with TRIF to activate TBK1/IKKi, leading to
the phosphorylation and activation of IRF3/7. (Figure taken from the reference [2])
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1.4.

Current cancer immunotherapy
By targeting distinct immune-cancer interactions, the currently available

immunotherapy falls into three major categories: immune checkpoint modulation,
adoptive cell transfer (ACT) and innate immune modulation. Immune checkpoint
modulation works by blocking inhibitory proteins expressed on immune cell surface
that suppress the immune responses. Ipilimumab is the first generation of checkpoint
inhibitor employed to treat advanced melanoma by blocking the activity of cytotoxic
T-lymphocyte protein 4 (CTLA-4). CTLA-4 is typically expressed on the surface of
cytotoxic T-lymphocytes and inhibit the T-cell antitumor activation [63]. By
neutralizing CTLA-4, ipilimumab can damp the inhibitory signaling and enhance the
antitumor T cell function. Results from a series of clinical trials have showed that the
immune checkpoint blockade indeed targets the immune cells rather than the tumor
itself, and acts to modify the patients’ immune system to control tumor growth [64].
However, side effect due to over-activation of the adaptive immune system, such as
auto-immunity, caused lethality in some patients and it remains unclear whether a
favorable ratio of efficacy to toxicity can be achieved for a diverse patient population
and a variety of tumor types [65].
Adoptive cell transfer (ACT) refers to the transfer of ex-vivo activated
antitumor immune cells into cancer patients. Chimeric antigen receptor (CAR) T-cell
therapy is one of the most well-known ACT and has been approved to treat acute
lymphoblastic leukemia for children and adolescents. Chimeric antigen receptor (CAR)
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is generated by inserting the gene of a monoclonal antibody targeting a specific tumor
antigen onto T cells. These modified T cells can therefore recognize antigen on the
tumor surface and subsequently eliminate tumor cells selectively. Clinical trials of the
CD19-CAR T cells showed such treatment was highly effective for treating leukemia
with a response rate of 90% [66]. However, application of this mode of cancer
immunotherapy in the clinic is still limited, as the immunosuppressive tumor
microenvironment can significantly attenuate the efficacy of ACT, in particular for solid
tumor [67]. And cytotoxicity, such as anaphylaxis and cytokine release syndrome, are
also prominent in patients treated with ACT [68].
Compared to the above two cancer immunotherapies, which mostly target T
cells, innate immune modulation aims to enhance tumor recognition and infiltration of
adaptive immune cells, e.g., T cells, to the tumor sites by activating an antitumor
inflammatory microenvironment. Innate immune cells continuously monitor the tissue
microenvironment and can initiate immune response against pathogens and cancer.
There are a number of innate immune characteristics that can be exploited to develop
anticancer strategies: (1) innate immune response is mostly antigen-independent and
extremely rapid, as compared to adaptive immunity; (2) innate immune cells display
high plasticity that enables them to interconvert more readily between the proinflammatory and anti-inflammatory states. For instance, macrophages, as discussed
above, are known to play an important role in modulating the tumor microenvironment,
where macrophages are the most abundant immune cell type [30][31]. And Tumor-
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associated macrophages (TAMs) can release growth-promoting cytokines, such as
interleukin 6 (IL-6) and vascular-endothelial growth factor A (VEGF-A), to inhibit
apoptosis of cancer cells and promote angiogenesis for tumor growth [33][34]. TAMs,
one prominent M2 phenotype, are the main macrophage population in the
microenvironment of most solid tumor [35], and are known to attenuate efficacy of
chemotherapy and promote tumor metastasis [36]. The crucial involvement of
macrophage in promoting tumor activity and an immunosuppressive tumor
microenvironment makes it a promising therapeutic target for anticancer drug
development. For instance, cancer immunotherapy that can activate M1 macrophage or
switch TAMs to M1 phenotype will likely be an effective anticancer strategy as either
stand-alone immunotherapy or combination with existing T-cell therapy and
chemotherapy to improve patient response. In my PhD study, I precisely aim to develop
such new cancer immunotherapeutics from herbal medicine that can promote M1
macrophages.
Another possible innate immune target for cancer immunotherapy is Natural
Killer (NK) cells. NK cells are large cytotoxic lymphocytes belonging to the innate
immune system, as they are capable of eliciting rapid immune response (usually within
days) in the absence of antibodies and MHC molecules [69]. NK cell-based
immunotherapy mostly involve adoptive cell transfer, where NK cells directly kill the
tumor cells, similar to cytotoxic T lymphocytes [70]. The direct cytotoxicity of NK cells
can be enhanced by the process of antibody-dependent cell-mediated cytotoxicity
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(ADCC). Therefore, developing new antibodies that can facilitate NK cell recognition
of the tumor target is an area of active research [71]. Moreover, NK cells can secrete
cytokines, such as interferon gamma (IFN-γ), to promote immune response against
cancer [72]. NK cells also act as moderator to regulate the activity of dendritic cells,
macrophages, and T cells via a variety of cytokines and thus contribute to the eventual
elimation of cancer cells.

1.5.

Exploring Traditional Chinese Medicines (TCMs) for new immunooncology drugs
We hypothesize that Chinese herbal medicine (CHM) is a viable source to

discover new therapeutics targeting the innate immunity against cancer. CHM has been
widely used in China and East Asia for thousands of years and showed empirical
clinical effects in treating various chronic diseases, such as cancer, cardiovascular and
cerebrovascular diseases [73]. According to Chinese medicinal theories, tumors
originate from the loss of a healthy balance in the body and therefore are commonly
treated by strengthening the patients’ immune system. From a western perspective,
these ancient ideas were considered non-scientific at a time, when it was believed that
the immune system played little role in cancer therapy. Only in the last 20 years has
western medicine recognized that the immune system plays a major role, and the
curative potential of cancer immunotherapy makes it the hottest research topic in cancer
research. Therefore, re-investigating Chinese medicinal theories, and the herbal extracts
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that they derive from, is a very promising direction in this new light. Conceptually, it
makes sense that herbal natural products might enhance immunity because our immune
system has evolved to detect “Pathogen Associated Molecular Patterns” (PAMPs) that
are themselves natural products, and often include sugar and lipid functionalities that
are common in plant- and fungus-derived compounds.

1.5.1. Immune activities of TCMs
Traditional Chinese medicine (TCM) usually exhibit mild medicinal effects and
few adverse side effects. Studies have shown TCMs may play an important role in the
regulation of the immune system to enhance the body’s resistance to illness [74]. For
instance, Grifola frondosa polysaccharide D was found to act as an immunomodulator
that increases the activity and the amount of CD8+ T cells (i.e., cytotoxic T cells) [75].
It can also activate the immune pathways mediated by T helper type 1 (Th1) and
increases IL-2 secretion. Another example is quassin extracted from the bark of the
bitter tree. Quassin was observed to stimulate macrophages by generation of nitric
oxide and exert antimalarial activity [76]. Moreover, it has been reported that
Ganoderma lucidum polysaccharide can upregulate the production of a wide variety of
cytokines, including IL-1, IL-6, IFN-γ, TNF-α, GM-CSF, GVCSF, M-CSF, and IL-12
[77] [78].
TCMs also have been characterized with immunosuppressive effects, which are
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used to treat autoimmune diseases, e.g., atherosclerosis, rheumatoid arthritis and
transplant rejection [79]. The upregulation of adhesion molecules, such as intercellular
cell adhesion molecular 1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1),
is a critical feature in early atherosclerosis. Yang et al. reported that Polygonum
multiflorum stilbene glycoside (PMS) can attenuate the expressions of ICAM-1 and the
vascular endothelial growth factor (VEGF) in a model of LPS-induced macrophagederived foam cell, suggesting that PMS is possibly a potent immunosuppressive agent
against atherosclerosis [80]. Triptolide, a small molecule isolated from Tripteryguim
Wildofordii HookF (TWHf), has been found to have anti-inflammatory and
immunosuppressive activities via inhibiting T cell function [81]. The fact that TCMs
have both proinflammatory and anti-inflammatory activities partly reflects the theory
of “Yin and Yang” in traditional Chinese medicine.
One major class of natural products derived from TCMs that has attracted
extensive pharmacological studies is polysaccharides [82] [83]. Polysaccharides
display various structures and bioactivities, which are being actively pursued as
adjuvants in cancer treatment. For example, a novel neutral polysaccharide from
Lentinus giganteus was found to have antitumor activity by activating the PI3K/Akt
signaling pathway and triggering intrinsic apoptosis [84]. Astragalus polysaccharide
can scavenge free ROS by blocking the NF-κB pathway [85]. Polysaccharides are well
known for their antiviral activities as well. Astragalus polysaccharide showed good
antiviral activity against several viruses, such as bursal disease virus, porcine circovirus
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virus type 2 and duck hepatitis A virus [86][85][87]. In addition, polysaccharides have
been recently observed to increase both the number and activity of T cells and B cells.
For instance, Lily polysaccharide showed effect in promoting T cell proliferation and
increasing the expression levels of IL-2, IL-6 and IFN-γ [88]. A polysaccharide from
Salvia miltiorrhiza Bunge also significantly stimulated the proliferation of T cells and
B cells, while inhibiting IL-6 and TNF-α secretion [89]. Moreover, evening primrose
polysaccharide and Tinospora cordifolia polysaccharide were found to enhance natural
killer (NK) cell activity and macrophage phagocytosis [90] [91]. In general, these
polysaccharides likely bind to different receptors on the immune cell surface, such as
the Toll-like receptors (TLRs), , and then activate pro-inflammatory factors, cytokines
and chemokines that modulate the inflammation state of the environment and
subsequently the host immune response [92].

1.5.2. TCM screen for macrophage activator
As a simple first step to identify herbal plant extracts with immuno-oncology
activity, our lab has previously developed a cell-based immune activity assay that
monitors the activation of macrophage from monocyte, based on morphological change.
The process of macrophage activation involves two steps, firstly the differentiation of
blood monocyte (the precursor of macrophage) into resting, immature macrophage and
then further activation of the resting macrophage into fully functional macrophage by
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polarization into M1 or M2 phenotypes. Differentiation and the subsequent polarization
can be conveniently monitored in cell culture by quantifying the associated
morphological changes. As monocyte in suspension differentiates into resting
macrophage, it becomes adherent; and the further activation of resting macrophage into
functional macrophage results in a polarized, spindle-shape cellular morphology (Fig.
1). Using morphological change as a readout and in collaboration with Prof. Z. Mo
(School of Chinese Medicine, Southern Medical University), we screened whole water
extracts of a selected panel of herbal medicine that are used for cancer treatment in the
clinic. We found that Alocasia Cucullata (AC), a medicinal plant in the araceae family,
exhibited the strongest activity in engendering spindle-shaped cells from THP-1, a
human pre-monocytic cell line (Fig. 1.3), while other more well-known herbal plants,
such as Ganoderma lucidum and Astragalus membranaceus, showed no activity in this
immune activity assay. Interestingly, AC is traditionally prescribed to treat infection
and cancer [32] [93]. Given AC’s lack of direct cytotoxicity on both cancer and normal
cell lines in culture, its immunomodulating activity may play a key role in its antibacterial and anticancer effects noted in the clinical usage.
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Figure 1.3. Characteristic morphological changes occurring in monocyte-tomacrophage differentiation (induced by PMA) and macrophage polarization (induced
by IFN or LPS). The herbal drug, Alocasia Cucullata, can activate both monocyte
differentiation and subsequent macrophage polarization.

We have previously found that the toxicity of AC was very low in the cancer
and normal cells, even at maximal dosage of 2mg/ml [3]. To test whether the spindleshape THP-1 cells induced by AC are indeed activated macrophage with
proinflammatory activities, we phenotyped the AC-treated THP-1 cells with surface
markers and cytokine/chemokine arrays [3]. As expected, AC-treated THP-1 expressed
macrophage-specific surface markers, such as CD11b and CD14 (Fig. 1.4a). Moreover,
ELISA and cytokine/chemokine array analysis showed that the treated cells secreted
significant levels of antitumor cytokines, such as TNF-α and IL-1β (Fig. 1.4b), as well
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as key proinflammatory chemokines, including CCL3, CCL4, CCL5 and CXCL1 (Fig.
1.4c), which suggest that they are functionally active and behave wiOverall these in
vitro data all pointed to AC as an effective reagent to activate resting monocytic
precursors into proinflammatory macrophages.

Figure 1.4. AC-treated THP-1 exhibit characteristics of active, pro-inflammatory
macrophage, as they (a) expressed macrophage-specific surface marker, CD14 and
CD11b; (b) secreted pro-inflammatory cytokines, IL-1β and TNF-α; and (c) secreted a
broad range of pro-inflammatory chemokines (Figure taken from reference [3] ).

To further examine the effect of AC in vivo, in particular its capability to activate
antitumor immunity, we treated tumor-bearing immuno-competent mice with whole
water extract of AC by gavage feeding [3]. After 21 days of treatment, the average
tumor weight of mice treated with high-dose AC was about 40% lower than that of the
control mice (i.e., saline alone) (Fig. 1.5a). And the median survival time of the AC-
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treated mice was 43 days, 16 days (i.e., 60%) longer than that of the control group (Fig.
1.5b). These data confirmed AC’s effects in attenuating tumor growth and prolonging
survival in vivo. Moreover, histological staining revealed that the tumor tissues from
AC-treated mice exhibited prominent features of necrosis and infiltration of
inflammatory cells; and the level of key antitumor cytokine, such as TNF-α, was
significantly elevated in the blood serum of AC-treated mice (Fig. 1.5c). Together with
the in vitro data on AC’s immuno-stimulatory activity, our results suggested that AC is
most likely to exert antitumor effect by activating antitumor immunity, in particular the
innate immunity. This is a very exciting result from an immuno-oncology perspective,
as AC triggers an innate immune response that leads to therapeutic effects via
infiltration of proinflammatory leukocytes into the tumors.
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Figure 1.5. AC activates antitumor immunity in mouse tumor model. (a) Comparison
of tumor weight of control vs. AC-treated mice (lAC: low-dose AC; mAC: mediumdose AC; hAC: high-dose AC). (b) Comparison of the survival time of control mice
(treated with saline) vs. mice treated daily with medium dose of AC extract. (c)
Comparisons of levels of proinflammatory cytokine, INF-γ and TNF-α, in the blood
serum of tumor-bearing mice (ctrl vs. AC-treated) (Figure taken from [3]).

28

1.6.

Aims of study
Based on the immune activity assay shown in Figure 1.3, in my PhD study I aim

to develop chemical biology strategies to purify the active components from whole
water extract of AC, characterize their chemical compositions and structures, as well as
identify their cellular targets and immunomodulating mechanism. Overall, my PhD
study has uncovered new immunomodulating compounds from traditional Chinese
medicine, revealed new druggable targets for cancer immunotherapy and developed
new chemical biology strategies to pursue new drug development from herbal medicine
via the immuno-oncology route.
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Chapter 2

2.1.

Research Methodology

Plant material
The Alocasia cucullata (AC) plant was grown and harvested in Guangxi

province, People’s Republic of China, and was identified and prepared by a TCM
specialist, Prof. Zhixian Mo (School of Chinese Medicine, Southern Medical
University). The AC roots were first boiled in distilled water at 100°C for 4 hours, and
then freeze-dried to paste. Activity of the different batches of whole water extract of
AC was measured using the THP-1 morphology-based assay (refer to main text for
details) and only batches that showed strong activities to differentiate and activate THP1 were used for subsequent chemical biology and immune activity analysis.

2.2.

Cell culture
The human pre-monocytic leukaemia cell line, THP-1, was purchased from the

American Type Culture Collection (ATCC, USA). THP-1 cells were cultured in RPMI
1640 medium (Gibco, Thermo Fisher) supplemented with 10% heated-inactivated Fetal
Bovine Serum (FBS, Gibco, Thermo Fisher), 100 U/ml penicillin and 100 μg/mL
streptomycin (Gibco, Thermo Fisher).
Primary monocytes were isolated from fresh human buffy coat (within 24 hours
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of blood donation) obtained from the Hong Kong Red Cross. Briefly, human buffy coat
was diluted in plain RPMI1640 medium and gently added onto the top of the FicollPaque Plus solution (GE Healthcare), followed by low-speed centrifugation. After the
centrifugation, four layers appeared as a result of differential migration in the density
gradient. The upper layer is plasma. The interface between the plasma and Ficoll-Paque
Plus solution is the layer of Peripheral Blood Mononuclear Cells (PBMCs), which
mainly consist of lymphocytes, monocytes and a small number of platelets. The bottom
layer is erythrocytes and granulocyte. PBMCs were then further purified to isolate
monocytes by immunomagnetic negative selection using the EasySep Human
Monocyte Isolation Kit (STEMCELL Technologies), according to manufacturer’s
instructions. The primary monocytes were cultured in RPMI 1640 medium containing
10% heated-inactivated Fetal Bovine Serum, 100 U/ml penicillin and 100 μg/mL
streptomycin.
Human embryonic kidney (HEK) 293 cells that were engineered to stably express
TLR2 or TLR4 a luciferase reporter gene under the transcriptional control of the NFB
promoter were generous gifts from Prof. Timothy Mitchison (Harvard Medical School).
The reporter cells were cultured in DMEM medium supplemented with 10% Fetal
Bovine Serum, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were treated
with Lipoteichoic acid (100ng/ml), Lipopolysaccharide (100ng/ml) and >100K fraction
(0.2mg/ml, 0.5mg/ml and 1.5mg/ml), respectively. Twenty-four hours later, cell lysates
were assayed for luciferase activity using the luciferase assay kit from Promega. The
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primary knockout mouse monocytes were generous gifts from Prof. Gregory Barton
(Department of Molecular and Cell Biology, University of California, Berkeley).

2.3.

Differentiation of monocytes to macrophages
THP-1 and primary monocytes were cultured with 50 ng/ml recombinant

human GM-CSF (Peprotech) to generate the M1-type macrophages or 25 ng/ml
recombinant human M-CSF (Peprotech) to generate the M2-type macrophages. The
cell culture density was 2 x 105 cells/well in 24-well plates. After 3 days, cell culture
medium was changed and fresh growth factors, i.e., GM-CSF and M-CSF, were added.
On day 7, cells were either harvested for analysis or further treated with different AC
active component to measure the possible activity of AC in re-polarizing M2
macrophage to M1 macrophage.
Alternatively, THP-1 and primary monocytes were treated with different AC
active components (i.e., molecular weight: <3K, >100K as well as <3K plus >100K, as
discussed below) from the beginning. The treated cells were harvested for analysis after
24, 48, 72 and 120 hours of AC treatment.

2.4.

Flow cytometry analysis
Cells (THP1 or monocytes with different treatments) were collected, washed
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and then re-suspended in cell staining buffer (Biolegend). 1x105 cells were stained with
different dye-conjugated primary antibodies at 0.8 𝜇g or 1.2 𝜇g per 40 𝜇l cell staining
buffer for 30 minutes at 4℃. The stained cells were washed once in staining buffer and
once in PBS, then stained with Zombie NIR fixable viability kit (Biolegend) at 1:800
dilution in PBS for 25 minutes at room temperature. After staining, the cells were
washed once in staining buffer and fixed in the fixation buffer for 20 minutes at room
temperature. After removing the fixation buffer, the cells were washed once and resuspended in the cell staining buffer. If cells were not analyzed immediately, they were
stored at 4℃. Fluorescence intensities of the surface markers were analyzed by flow
cytometry measurement conducted with a FACSCanto II cytometer (BD Biosciences).
Primary antibodies used for this analysis included: FITC anti-human CD14 Antibody
(Clone 63D3, Biolegend), PE anti-human CD11b Antibody (ICRF44, Biolegend), APC
anti-human HLA-DR Antibody (L243 Biolegend), PE anti-human CD163 Antibody
(GHI/61, Biolegend), an APC anti-human CD80 Antibody (2D10, Biolegend).

2.5.

Genome-wide transcriptome Analysis by RNA-Seq

2.5.1. Sample preparation
THP-1 cells were seeded in six-well plates at 8 × 105 cells/ml, and stimulated
with 0.2 mg/ml of the <3K AC active fraction either alone or in combination with 0.04
mg/ml of the >100K AC active fraction. After 6h, 12h, 24h, or 48h of the respective AC
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treatment, the THP1 cells were collected for RNA extraction. Total RNA was isolated
from THP-1 cells using TRIzol reagent (Thermo Fisher), according to the
manufacturer's protocol. A total of eight RNA samples were obtained for cDNA library
construction and RNA-Seq analysis, which were THP-1 (control group), 𝑇3𝑘_6ℎ
(treated with <3K active fraction for 6 hours), 𝑇3𝑘_12ℎ (treated with <3K active
fraction for 12 hours ), 𝑇3𝑘_24ℎ (treated with <3K active fraction for 24 hours ), 𝑇3𝑘_48ℎ
(treated with <3K active fraction for 48 hours ), 𝑇3𝑘+100𝑘_6ℎ (treated with <3K
plus >100K active fractions for 6 hours ), 𝑇3𝑘+100𝑘_24ℎ (treated with <3K plus >100K
active fractions for 24 hours ), and group 𝑇3𝑘+100𝑘_48ℎ (treated with <3K plus >100K
active fractions for 48 hours ). Before the cDNA library construction, RNA quality
control was checked using the RNA 6000 Nano LabChip kit (Agilent Technologies)
and the Agilent 2100 Bioanalyzer Instrument with an RNA integrity number of > 7.0.

2.5.2. cDNA Library Construction and Sequencing
All the following experiments and data analysis were performed by BGI Co.
Ltd. (Hong Kong, China) by paid service. Briefly, for the sequencing library
construction, rRNA were removed from the total RNA using oligo (dT) attached
magnetic beads. The purified RNAs (i.e., mostly mRNAs) were then fragmented to
small pieces. The fragmented RNAs were reversely transcribed to double-strand cDNA
(dscDNA) using N6 random primer. And the second-strand cDNA was synthesized by
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adding A tailing and ligating adaptor. The ligation products were purified, and PCR
amplifications were performed to enrich the purified cDNA. Then the PCR products
were denatured by heat and the single DNA is cyclized by splint oligo and DNA ligase.
Finally, sequencing was carried out using the DNBSEQ-G50 platform.

Figure 2.1. Library Construction Workflow (Figure taken from BGI report)

2.5.3. Date processing and analysis
The raw data were firstly filtered using SOAPnuke v1.5.2 to remove reads
containing adapter, unknown bases and low-quality reads to generate clean reads. The
clean reads were aligned to the human hg19 genome assembly using Bowtie2 v2.2.5.
RSEM v1.2.12 was used to calculate gene expression level. Then FPKM, i.e., reads per
kb per million reads, was calculated. Differential gene expression between different
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samples was analyzed using DESeq2 R package. Genes with a fold change > 2 and an
adjusted p-value < 0.5 were assigned as differentially expressed. Gene Ontology (GO)
enrichment analysis and KEGG pathway analysis were implemented by phyper, a
function of R. The GO and KEGG pathways enriched cutoff was p-value corrected by
FDR (false discovery rate) < 0.01.

2.6.

Fractionation and purification of the AC extract

2.6.1. AC sample preparation
The whole water extract of AC was re-dissolved at 40 mg/ml and sonicated for
1 hour. After sonication, the sample was centrifuged at 4000 rpm for 30 minutes to
remove the insoluble grinds. The supernatant was then filtered through a 0.45 μm sterile
filter and centrifuged at 4000 rpm for 1 hour, using Amicon® Ultra centrifugation filters
with molecular weight (MW) cut-off of 100K or 3K. This procedure produced 3 AC
fractions of distinct molecular weight (MW), i.e., >100K, 3K-100K and <3K.

2.6.2. Gel filtration chromatography for purifying the <3K AC fraction
The <3K fraction was further fractionated using a Bio-gel P-4 gel filtration
column (fractionation range: 800-4000 Da). The column was eluted with Milli-Q water
at a flow rate of 0.3 ml/min, and fractions were collected every 3 ml of the eluent. All
eluted fractions were lyophilized and their bio-activity in differentiating monocyte into
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macrophage was tested, using the morphology-based assay shown in Figure 1.3.
Fractions with significantly concentrated activity were pooled together for further
purification and chemical analysis

2.6.3. Solid phase purification of the <3K AC fraction
The above purified active components of the <3K AC fraction were further
fractionated and purified using SPE. Two SPE columns with distinct chemistry were
tested for this purpose, including Sep-Pak C18 Cartridges (500 mg, 3 ml), and
PoraPakTM Rxn RP polymer-based C18 cartridges (400 mg, 6 ml). The C18 cartridge
was conditioned with 4 ml methanol and 4 ml water, successively. The <3K active
fraction was dissolved in water at 10 mg/ml, then passed through the SPE tubes and
washed sequentially with 4 ml of water, 20% methanol (in water), 50% methanol, 75%
methanol, and 100% methanol. The eluted fractions were lyophilized and tested for
activity to generate a further purified <3K AC active component.
The polymer-based C18 cartridge was conditioned with 5 ml methanol plus 2.5%
NH3·H2O and 0.25% formic acid, followed by 10 ml water plus 2.5% NH3·H2O and
0.25% formic acid. The <3K active fraction was dissolved in ammonium buffer (pH =
10) at 5 mg/ml. After washing with 5 ml of ammonium buffer, fractions were eluted
sequentially with 5 ml of 15%, 30%, 45%, 60% and 100% methanol. The eluted
fractions were again lyophilized and tested for activity.

2.6.4. Mass spectrometry analysis of the <3K AC active component
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Samples were analyzed by mass spectrometry coupled with ultra-highperformance liquid chromatography (UHPLC) off an Acquity C18 column (1.7 µm,
100 mm × 2.1 mm). The mobile phase comprised (A) 0.1% formic acid in water and
(B) 0.1% formic acid in acetonitrile at a flow rate of 0.4 ml/min. The gradient elution
program was as follows: 0–6.0 min 5% → 75% B; 6.0–9.0 min 75% → 100% B; 9.0–
12.0 min 100% B; 12.1–15 min 5% B. The column was set at 40 °C, whereas the autosampler tray was maintained at 10 °C. The system was auto-injected with 2μl of each
sample. And the auto-sampler injection needle was washed with 10% acetonitrile after
each injection. All mass spectrometry data were collected on an ultra-high definition
accurate mass quadrupole time-of-flight (Q-TOF) mass spectrometer (Agilent
Technologies, G5640A) with electrospray ionization in the positive ion mode. The QTOF instrument parameters were set as follows: capillary voltage at 3.5 kV; nozzle
voltage at 500 V; fragmentor voltage at 120 V; nebulizer pressure (N2) at 40 psi; dry
gas (N2) at 8.0 L/min; dry gas temperature at 300 °C. The data were collected in the full
scan mode from 100 m/z to 1700 m/z. All the results were analyzed by the Aglient
MassHenter Workstation Qualitative Analysis B.04.00 software.

2.6.5. Purification of the >100K AC active fraction
The >100K AC fraction was further fractionated using a superose-6 size
exclusion chromatography column (fractionation range: 1000-300,000Da). The >100K
fraction was dissolve in water at 100 mg/ml and a total of 70 mg was loaded onto the
Superose-6 column (1.7 i.d. x 32 cm). The column was eluted with water at a flow rate
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of 0.3 ml/min and fractions of 1ml were collected. All fractions were analyzed by high
performance gel permeation chromatography (HPGPC) and their bioactivity was tested
using the morphology-based assay shown in Figure 1.3. Fractions with significantly
concentrated activity and of similar molecular weight were pooled together. And further
purification was carried out by using Dialysis Membrane (MWCO: 12-14kD). A highly
concentrated active fraction, named as AC-100K, was successfully obtained and used
for subsequent chemical analysis.

2.6.6. Molecular weight determination of the >100K AC component
Molecular weights of the total >100K fraction and AC-100K were analyzed by
HPGPC performed on an Agilent 1100 series HPLC-DAD system (Agilent
Technologies) coupled with evaporative light scattering detector (ELSD). The
molecular separation was achieved by a system of two tandem TSK GMPWXL
columns (300×7.8 mm i.d., 10 μm) operated at 40 °C. Ammonium acetate aqueous
solution (20 mM) was used as the mobile phase at a flow rate of 0.6 mL/min. Signal
from ELSD was transmitted to an Agilent Chemstation for processing through the
Agilent 35900E interface. The parameters of ELSD were set as follows: the drift tube
temperature at 120 °C; nebulizer nitrogen gas flow rate at 3.2 L/min; impact off mode.
An aliquot of 10 μL solution was injected for analysis. UV detection wavelengths were
set at 260 nm and 280 nm. Moreover, aqueous stock solutions of pullulans (2 mg/mL)
with different molecular weights (1 kDa, 3 kDa, 6 kDa, 22 kDa, 50 kDa, 110 kDa. 400
kDa, 800 kDa and 2560 kDa) were injected to the HPGPC separately, using the same
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conditions, and the data were used for establishing the molecular weight-retention time
calibration curve by plotting the logarithm of the peak area versus the retention time of
each analyte.

2.6.7. Chemical and monosaccharide composition of AC-100K component
The total sugar content of the purified AC-100K active component was
measured by the phenol−sulfuric acid spectrophotometric assay, and D-mannose was
used as the equivalents. Protein content of AC-100K was determined by the
spectrophoto-metric method using bovine serum albumin (BSA) as the standard. And
AC-100K was determined to be mainly a polysaccharide.
In order to analyze the monosaccharide composition of AC-100K, the purified
polysaccharide sample (5 mg) was hydrolyzed with 3 mL of 2 M TFA at 120 °C for 2
hours in a sealed glass tube. After hydrolysis, the solution was evaporated at 50 °C, and
methanol (3 mL) were then used to remove the excessive acid. This procedure was
repeated 5 times to remove the TFA completely. After that, the hydrolyzed products
were ready for derivatization. Before derivatization, a reducing reaction was carried out,
through which the aldoses in the standard solution or in the hydrolyzed sample were
reduced to their corresponding alditols. The reducing reaction was performed at room
temperature for 5-8 hours by adding 30 mg sodium borohydride. Several drops of
methanol plus glacial acetic acid solution (5:1) were added to stop the reaction until air
bubbles disappeared. Then the solution was evaporated by rotary evaporator at 50 °C.
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Methanol (3 mL) were used to remove the reducing agent and this step was repeated
for 5 times. The sample was further dried at 105 °C for 10 min to remove any remaining
moisture. Next, acetylation was carried out with acetic anhydride (3 mL) in a water bath
at 105 °C for 1 hour, and then 1ml water was added to stop the reaction. The acetylated
sample was evaporated at 85 °C and trichloromethane (2 mL) was added to dissolve
the residue. The organic phase was then washed with distilled water (5 mL) for 5 times
to remove the impurities. Finally, water was removed with anhydrous sodium sulfate
and the organic phase was transferred into a GC vial for GC-MS analysis. The GC/MS
analysis of the monosaccharide composition of AC-100K was performed on a DB-5MS
capillary column (0.25 µm × 0.25 µm × 30 m) using a temperature program as follows:
140–198 C at 2 C/min, maintained for 4 minutes and increased to 214 C at 4 C/min,
followed by increases of 1 C/min until 217 C was reached, which was maintained for
another 4 minutes, and finally increased to 250 C at 3 C/min, maintained for 5 minutes.
2.6.8. Infrared Spectroscopic Analysis of AC-100K
The active, polysaccharide component of AC-100K was characterized by FT-IR
spectroscopy on the Thermo Nicolet 5700 infrared spectrophotometer (Thermo
Electron, Madison, WI, USA) at 25 C, using potassium bromide (KBr) pellets.
Samples and KBr were dried at 50 C in fast IR dryer for 30 minutes and pressed into
pellets with a sample/KBr ratio of about 0.3 mg to 150mg. The infrared spectra were
scanned between 4000 and 450 cm-1 with a resolution of 4 cm-1.
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2.6.9. Nuclear magnetic resonance (NMR) spectroscopy analysis of AC-100K
AC-100K (50mg) was dissolved in D2O (2 ml) and 1H NMR spectra were
recorded on an NMR spectrometer (Bruker Avance-III, Ultrashied Maget, Germany) at
23°C, using acetone as an internal standard.

Figure 2.2. Flowchart of the fractionation and purification procedure. The crude water
extraction of AC was first separated into 3 fractions by ultrafiltration based on
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molecular weight. The full activity requires the combination of the <3K and >100K
fractions. The >100kDa fraction was further fractionated by Superose-6 column gelfiltration column. The <3K fraction was purified by a series of chromatography
columns, including bio-gel P-4 column, SPE C18 column and extend C18 HPLC
column

43

Chapter 3

Immuno-oncology Activity of the Alocasia

Cucullata Extract

3.1.

Cellular activities of the distinct Alocasia Cucullata fractions
To uncover the identity of the active components in Alocasia Cucullata (AC)

and their mechanism of action, I fractionated the whole water extract of AC based on
molecular weight and tested activity in each fraction using the morphological change
assay in THP-1 cells shown in Figure 1.3. Interestingly, full activity required the
combination of two AC fractions of distinct molecular weight, one smaller than 3K and
the other larger than 100K (Figure 3.1). Activity was also observed when combining
the <3K fraction, but not the >100K fraction, with Lipopolysaccharides (LPS), a wellknown Toll-like receptor 4 (TLR4) agonist that stimulates resting macrophage (Fig.
3.1). These observations have two indications. Firstly, as activity of the >100K fraction
can be replaced by LPS, this fraction may similarly target TLRs to stimulate immature
macrophage into functional macrophage. Secondly, because LPS requires the presence
of the <3K fraction to activate spindle-shape, functional macrophage, the <3K fraction
probably acts to differentiate monocytic THP-1 into resting, immature macrophages.
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Figure 3.1. Effect of the indicated treatments in activating spindle-shape macrophage
from pre-monocytic THP-1. Each of the AC fractions alone (separated by distinct
molecular weight) was not able to generate spindle-shape THP-1. Spindle-shape THP1 is observed only under the combinatorial treatment of <3K AC fraction with
either >100K AC fraction or LPS. The percentage of spindle-shape THP-1 under the
combined treatment is similar to that under whole AC extract.
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3.2.

Macrophage activation by the two AC active fractions
To further understand the immunomodulating activity of the two AC active

fractions, i.e., <3K and >100K, I examined the levels of various signature surface
markers expressed by distinct macrophage subtypes for primary human monocytes
treated with the AC active fractions in comparison with those treated with the standard
macrophage activator, i.e., GM-CSF (M1 phenotype) and M-CSF (M2 phenotype). To
perform this analysis, I used the EasySep™ Human Monocyte Isolation Kit to isolate
classical CD14+CD16- monocytes from fresh peripheral blood mononuclear cells.
These primary monocytes were then treated with either GM-CSF/M-CSF for 7 day to
generate M1/M2 macrophage, or different AC active fractions (<3K, >100K or <3K
plus >100K) for a number of durations (24 hours, 48 hours, 72 hours and 120 hours).
The treated monocytes were harvested and stained for flow cytometry analysis of
surface marker expressions. I chose to analyze the following set of surface markers that
are associated with monocyte differentiation into macrophage, including CD14, CD11b,
HLA-DR. CD14 is expressed mainly by macrophages and acts as a co-receptor for
TLR4. CD11b is a differentiation marker for cells of the myeloid-monocytic lineage
[94]. Human leukocyte antigen-DR (HLA-DR) is the human MHC class II cell surface
receptor for antigen presentation, which shows increased surface expression upon
monocyte differentiation to macrophage. Moreover, I also measured two markers
specific to macrophage polarization, i.e, CD80 (M1 marker) and CD163 (M2 marker)
[95].
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As shown in Figure 3.2A, surface expression of the three differentiation markers,
i.e., CD14, CD11b and HLA-DR, all increased in the primary monocytes upon
treatment with GM-CSF, M-CSF and the <3K AC active fraction, indicating the <3K
fraction acts to differentiate monocytes to macrophage. As expected, prolonged
treatment with the <3K AC fraction enhanced the expression of the surface markers,
i.e., further promoting the differentiation process. As for the polarization markers,
CD80 and CD163, treatment of the <3K active fraction did not generate a fully
polarized macrophage state similar to either M1 (CD80+CD163-) or M2 (CD80CD163+). Rather, the <3K treated cells showed intermediate surface level of both CD80
and CD163 after 120 hours of treatment, suggesting that the <3K fraction acts mainly
as a differentiation stimuli and is insufficient to activate fully functional, mature
macrophages as a stand-alone reagent.
As compared to <3K treatment alone, addition of the >100K AC fraction
significantly reduced the expression of CD163, though not increasing CD80, which
pointed to a moderate effect of the >100K active fraction in shifting the macrophage
state away from the anti-inflammatory M2 state and towards the proinflammatory M1
state (Fig. 3.2B). Interestingly, when M2 macrophages differentiated by M-CSF were
treated with the <3K fraction, they exhibited a substantial increase of CD80 expression
along with a decrease in CD163 expression (Fig. 3.2C). This effect was not further
enhanced by addition of the >100K fraction (Fig. 3.2D). My results thus showed that
the <3K AC fraction is likely able to repolarize M2 macrophage to the M1 state, which
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may have novel translational impact for targeting the TAMs in tumors.
In addition to the flow cytometry analysis, I also imaged the distinct
morphologies of the primary macrophages differentiated by the different stimuli. As
show in Figure 3.2E, M1 macrophages generated by GM-CSF showed an enlarged
round shape, while M2 macrophages showed elongated, spindle-like morphology.
However, monocytes treated with AC displayed morphological features that were
different from the classical M1 and M2 phenotypes. Primary monocytes treated with
the <3K fraction showed small, yet elongated morphology, while the >100K treatment
did not change the monocytes in shape. Again this indicates the >3K component acts to
differentiate monocytes and the >100K component is a macrophage polarizing stimulus
that acts on mainly differentiated macrophages. Combinatorial treatment of the <3K
and >100K AC fractions rendered cells with a larger cell body and a cell population
that is nearly all differentiated, as compared to the <3K treatment alone. Moreover, M2
macrophages treated with the <3K fraction appeared to de-differentiate, i.e., cell
morphology changed to more suspension-like, similar to the undifferentiated
monocytes. Again treatment of >3K plus >100K fractions led to a much larger cell size
with more elongated feature. Overall these distinctive morphological signatures suggest
that the AC active fractions likely activate a non-classical phenotype of macrophages.
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Figure 3.2 (A-D) FACS analysis of surface marker expressions, including CD14,
CD11b, HLA-DR, CD80 and CD163, in primary human monocytes under the indicated
treatment conditions and time durations. Results were shown and compared in
histograms. (E) Phase-contrast images of primary human monocytes or M2
macrophages treated with the AC active fractions for 5 days.
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3.3.

>100K AC fraction activates TLRs
As elaborated in 3.1, activity of the >100K AC fraction can be replaced by LPS

to generated spindle-shaped macrophages in combination with the <3K fraction. This
implicates that the >100K fraction may similarly target TLRs to stimulate immature
macrophages into functional macrophages. To test this hypothesis, I first measured the
activity of the >100K fraction, using NFB-luciferase reporter cell lines expressing
either TLR2 or TLR4. As shown in Figure 3.3, treatment of the reporter cells with
the >100K AC fraction significantly induced NFB-luciferase activity at a level similar
to Lipoteichoic Acid (LTA, a specific TLR2 agonist) in the TLR2 reporter line, and LPS
in the TLR4 reporter line. This result illustrates that the active component in the >100K
fraction is indeed a strong agonist of both TLR2 and TLR4. Importantly, the <3K
fraction did not induce NFB-luciferase activity in either the TLR2 or TLR4 reporter
lines, suggesting that its cellular targets are unlikely to be TLRs. Drug companies have
already developed TLR agonists and tested them in cancer, with mostly disappointing
results. Our data suggest that the active molecule in the <3K fraction from AC may
synergize with TLR agonists to activate macrophages to a highly effective anti-cancer
phenotype, rendering a new angle to develop more effective TLR agonist treatment.

52

Figure 3.3. Activity of the >100K AC fraction in activating TLR2 and TLR4
signaling. >100K fraction showed a dose-dependent induction of TLR2 signaling,
similar to the level induced by LTA (a TLR2 agonist, 100ng/ml), as well as strong
activation of TLR4 signaling comparable to that induced by LPS (a TLR4 agonist,
100ng/ml) even at low dose.
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3.4.

Synergistic activity of the <3K and >100K AC fractions
With the above initial understanding of the mechanism of action of the two

major AC active components, I further explored the cellular pathway(s) that AC
activates to promote proinflammatory macrophages. In collaboration with Prof.
Matthew Krummel (Department of Pathology, University of California, San Francisco),
I measured activity of the distinct AC fractions (both alone and in combination), using
primary monocytes derived from mouse bone marrow. Flow cytometry analysis of ACtreated primary mouse monocytes showed slight and moderate induction of the
signature surface markers of activated macrophages, such as MHCII (Fig. 3.4A), F4/80,
and CD11b, in response to the <3K and >100K fraction separately; and the induction
level of these surface markers is substantially higher under combinatorial treatment of
the two fractions, to an extent similar to that observed for whole AC extract. These
results are similar to those obtained using human primary monocytes, as discussed
above.
Stimulation of macrophage activity by TLR agonists is known to be mainly
mediated by cytoplasmic adaptor protein MyD88 and/or TRIF. To examine the
involvement of TLR signaling in mediating effect of the two active AC fractions, I used
primary monocytes from knockout (KO) mice, including MyD88 or TRIF single KO
and MyD88+TRIF double KO (a generous gift from Prof Greg Barton, University of
California, Berkeley). As expected for a TLR agonist, effect of the >100K AC fraction
in upregulating macrophage-specific surface markers were slightly attenuated in TRIF
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and MyD88 single KO but was nearly abrogated in MyD88+TRIF double KO (Fig.
3.4B). Intriguingly, the macrophage surface markers still exhibited strong upregulation
in the double KO monocytes in response to the combinatorial treatment of the <3K
and >100K AC fractions, suggesting that active components in these two fractions can
act synergistically to activate novel pathways alternative to the conventional TLR
signaling (Fig. 3.4B).

Figure 3.4 FACS analysis of macrophage-specific surface markers, e.g., MHCII and
F4/80, in primary mouse monocytes under the indicated treatments. (A) MHCII level
is slightly and moderately increased in response to <3K and >100K fraction separately.
The induction level is significantly higher under treatment of <3K plus >100K fraction
(level similar to whole AC extract). (B) Effect of the >100K fraction is abrogated in
MyD88+TRIF double knockout; however, <3K plus >100K treatment still significantly
activates macrophage, as indicated by F4/80 induction, in double KOs, indicating
additional, synergistic activity of the two fractions.
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Chapter 4

Transcriptome Analysis of Cellular Changes

Induced by Alocasia Cucullata for Target ID Exploration

4.1.

Genome-wide RNA-Seq data analysis
The following analysis was performed by BGI and I mainly collated the data

regarding the potential immune pathways and targets of the two AC active components.
Briefly, the raw reads from RNA-Seq were qualified, and adapters, ambiguous
nucleotides and low-quality sequences were removed, resulting in a total of
213,818,934 raw data (Fig. 4.1). The Q30 percentage exceeded 90%. After quality
control for the raw reads, clean reads were collected and mapped to the genes,
producing on average 80% matched reads in each sample. Further analysis revealed
that 71%-77% reads were uniquely mapped.

Figure 4.1. Summary of the digital gene expression sequencing of the eight samples
submitted for RNA-Seq analysis.
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4.2.

Assessment of the RNA-Seq Data
A correlation heatmap was first constructed based on the Pearson’s correlation

coefficients of gene expressions for each sample (Fig. 4.2A). The correlation coefficient
among the <3K treatment groups was 0.98, and is 0.91 among the <3K plus >100K
treatment groups, indicating strong similarity within the same treatment conditions. The
correlation result also showed that there were significant transcriptional differences
between the control THP-1 cells (undifferentiated monocytes) and the <3K treatment
groups, including 𝑇3𝑘_6ℎ (THP-1 treated with the <3K fraction for 6 hours), 𝑇3𝑘_12ℎ ,
𝑇3𝑘_24ℎ , and 𝑇3𝑘_48ℎ , as well as between the control cells and the <3K plus >100K
treatment groups, including 𝑇3𝑘+100𝑘_6ℎ (THP-1 treated with the <3K plus >100K
fractions for 6 hours) 𝑇3𝑘+100𝑘_24ℎ , and 𝑇3𝑘+100𝑘_48ℎ . Meanwhile, the same treatment
groups with adjacent treatment time duration clustered together in the Cluster
Dendrogram (Fig. 4.2B), which suggested that the samples are consistent and
satisfactory for further analysis.

57

Figure 4.2. Quality assessment and comparison of the transcriptome data of the eight
samples. (A) Correlation matrix of the transcriptome data of eight samples. (B)
Hierarchical clustering of transcriptome data from samples collected at different
treatment conditions and time points. Distance (height) between samples is proportional
to the similarity.
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4.3.

Identification of differentially expressed genes
Differences in gene expression were examined by comparing the gene

expression of control THP-1 cells with that under the <3K treatment alone (e.g., THP1 vs 𝑇3𝑘_6ℎ ) or <3K plus >100K treatment (e.g., THP-1 vs 𝑇3𝑘+100𝑘_6ℎ ), as well as
comparing the gene expression between the single treatment of <3K fraction and the
combined treatment of <3K and >100K fractions (e.g., 𝑇3𝑘_6ℎ vs 𝑇3𝑘+100𝑘_6ℎ ). The
threshold of |𝑙𝑜𝑔2 (𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒)| ≥ 1 and a false discovery rate- (FDR-)
corrected 𝑝 value < 0.01 were set for identifying the differentially expressed genes. In
general, AC treatment of THP-1 induced significantly more upregulated genes than
downregulated genes for all treatment conditions (Fig. 4.3A).
Compared to the control THP1 cells, treatment of the <3K fraction alone
upregulated about 100-300 genes and downregulated about 50-100 genes (Fig. 4.3A &
4.3B). The largest changes in gene expression were seen at the earliest treatment time
point, 6 hours, and the late time point, 48 hours, which may implicate more significant
reprogramming of the cells at these two time points. The combined treatment of <3K
and >100K fractions induced changes in a significantly higher number of genes.
About 1000-1200 genes were found to be upregulated and 500-800 genes
downregulated by the combined treatment (Fig. 4.3A). As the combined treatment
activates both the differentiation and macrophage polarization processes, it is expected
that the combined treatment triggers more substantial changes in the transcriptome.
Furthermore, Venn diagram analysis revealed a total of 20 overlapping genes
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that were differentially expressed in all <3K treatment groups at different time points
(Fig. 4.3C). They were further arranged by hierarchical cluster analysis (Fig. 4.3E)
Among these 20 differentially expressed genes, the commonly upregulated genes
include those that are associated with immune function, such as intercellular adhesion
molecule 1 (ICAM1) and matrix metallopeptidase 9 (MMP9) [96][97], and genes that
are associated with metabolism, such as meteorin-like protein (METRNL),
cystathionine beta-synthase-like protein (CBSL) and cytochrome P450 1B1 (CYP1B1)
[98][99][100]. As for the commonly downregulated genes, they again were mainly
involved in the immune function, such as protein TGIF2-C20orf24 (TGIF2-C20orf24)
and complement C4-B (C4B), and also genes associated with the digestive system, such
as pepsin A-3 (PGA3) and solute carrier family 40 member 1 (SLC40A1). Overall, this
result indicated that the <3K AC fraction mainly alter cellular responses through the
immune and metabolic pathways.
The combined treatment of <3K and >100K fractions led to a common set of
748 DEGs from different time points (Fig. 4.3D). And clustering the top 15 upregulated
and downregulated overlapping DEGs showed again mainly alterations in the immune
signaling pathways, confirming the strong immunomodulating activity of AC (Fig.
4.3F). The immune genes highly upregulated by the combined treatment include
proinflammatory cytokines/chemokines, such as C-X-C motif chemokine 10 (CXCL10,
CXCL14, CXCL3, CLXCL13), C-C motif chemokine 3-like 1 (CCL3L1, CCL4L2,
CCL2, CCL4), and Interleukin-1 beta (IL1B), as well as those associated with TLR
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signaling pathway and TNF signaling pathway, such as MMP9, ICAM1, TLR8, CD14,
osteopontin (SPP1) [101][102]. The immune genes that are significantly downregulated
include ATP-binding cassette sub-family G member 1 (ABCG1), insulin receptor
(INRS), thyroid hormone receptor alpha (THRA), thrombospondin-4 (THBS4) and
P2Y purinoceptor 2 (P2RY2) [103][104][105][106].
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Figure 4.3. Differentially expressed genes (DEGs) between the different treatment
groups. (A) The total number of upregulated and downregulated genes between the
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indicated treatment groups. The x-axis denotes the different groups in comparison. The
y-axis denotes the corresponding number of DEGs. (B) Volcano plots of DEG
distribution for the ten pairwise comparisons as indicated. (C) Venn diagram that
showed the overlapping number of DEGs in THP-1 vs 𝑇3𝑘_6ℎ (blue), THP-1 vs
𝑇3𝑘_12ℎ (red), THP-1 vs 𝑇3𝑘_24ℎ (green), THP-1 vs 𝑇3𝑘_48ℎ (yellow). (D) Venn
diagram that showed the number of overlapping DEGs in THP-1 vs 𝑇3𝑘+100𝑘_6ℎ (blue),
THP-1 vs 𝑇3𝑘+100𝑘_24ℎ (red), THP-1 vs 𝑇3𝑘+100𝑘_48ℎ (green). (E and F) Hierarchical
cluster analysis of the overlapping DEGs in the single (<3K) or combined (<3K
plus >100K) treatment groups. Each row denotes one overlapping gene and each
column belongs to a different sample. Red indicates higher expression as compared
with the untreated THP-1 cell. Blue indicates lower expression compared to the
untreated THP-1 cell.
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4.4.

Gene ontology (GO) enrichment analysis
To characterize and annotate the distribution of DEGs broadly at the functional

level, GO classification and functional enrichment analysis were performed. The GO
analysis results of two selected treatment groups, i.e., THP-1 vs 𝑇3𝑘_48ℎ and THP-1 vs
𝑇3𝑘+100𝑘_48ℎ , were shown in Figure 4.4. According to the results of GO annotation,
DEGs identified from the <3K treatment alone (i.e., 𝑇3𝑘_48ℎ ) and those from the
combined treatment (i.e., 𝑇3𝑘+100𝑘_48ℎ ) were largely similar in terms of molecular
functions, cellular components and biological processes.
Among the biological processes, the “cell process”, which encompassed 314
DEGs from the <3K treatment group and 1213 DEGs from the <3K plus >100K
treatment group, was the most highly represented GO term, followed by “biological
regulation” (262 DEGs from the <3K treatment group and 1019 DEGs from the <3K
plus >100K treatment group), and the “regulation of biological process” (251 DEGs
from the <3K treatment group and 973 DEGs from the <3K plus >100K treatment
group). Biological processes that are more specifically associated with the DEGs from
the <3K treatment group were mostly related to cellular response, such as cellular
response to chemical stimulus, response to stress and response to organic substance,
while the immune system process, immune response, immune effector process and
inflammatory response were unique biological processes associated with the <3K
plus >100K treatment group (Fig. 4.4E).
For the functional category of cellular component, the highest numbers of DEGs

66

belonged to “cell” and “cell part” for both the <3K treatment group (329 DEGs) and
the <3K plus >100K treatment group (1292 DEGs in “cell” and 1286 DEGs in “cell
part”). The cellular components that were differentially associated with the DEGs in
the two treatment groups include vesicle and extracellular part that were specific to the
<3K treatment group, e.g., cytoplasmic vesicle, intracellular vesicle, extracellular
region part and extracellular space, and membrane structures that were specific to the
<3K plus >100K treatment group, e.g., plasma membrane part, cell periphery and
plasma membrane (Figure 4.4E).
For the category of molecular function, “binding” (273 DEGs from the <3K
treatment group and 1034 DEGs from the <3K plus >100K treatment group) was the
most highly represented GO term, followed by “catalytic activity” (121 DEGs from the
<3K treatment group and 456 DEGs for <3K plus >100K treatment group). The GO
annotation of DEGs from the <3K treatment group also revealed the following unique
functional associations, i.e., C3HC4-type RING finger domain binding, protein binding,
receptor binding and molecular function regulation. In contrast, chemokine activity,
chemokine receptor binding, protein binding and receptor activity were the major
unique processes within the molecular function for DEGs from the <3K plus >100K
treatment group (Figure 4.4E).
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Figure 4.4. Functional distribution of Gene Ontology (GO) annotation of DEGs
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between the control THP-1 cells and those treated with either <3K alone or <3K
plus >100 AC fractions for 48 hours. (A, B) The GO function classification map for
DEGs from (A) THP-1 vs 𝑇3𝑘_48ℎ and (B) THP-1 vs 𝑇3𝑘+100𝐾_48ℎ . The x-axis denotes
the number of unique DEGs. The y-axis denotes the GO functional category. (C, D)
The GO function classification map for the differentially upregulated (denoted in red)
and downregulated (denoted in blue) genes, respectively, for the sample of (C) THP-1
vs 𝑇3𝑘_48ℎ and (D) THP-1 vs 𝑇3𝑘+100𝐾_48ℎ . The x-axis denotes the GO function
classification and the y-axis denotes the number of DEGs. (E) GO functional
enrichment analysis for THP-1 vs 𝑇3𝑘_48ℎ and THP-1 vs 𝑇3𝑘+100𝐾_48ℎ .
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4.5.

KEGG pathway enrichment analysis
To further explore the biological functions of the DEGs at the specific pathway

level, an enrichment analysis based on the KEGG pathway database was performed.
Under the <3K treatment, KEGG analysis revealed activation of variable sets of
pathways at different treatment time points. Upon 6-hour, 12-hour, 24-hour and 48-hour
treatment of the <3K fraction, DEGs were significantly enriched in 34, 31, 5 and 21
KEGG pathways (Qvaule < 0.05), respectively (Fig. 4.5A). And the smallest Q value
was obtained for the “Cytokine-cytokine receptor interaction” for the 6-hour sample,
“NF-kappa B signaling pathway” for the 12-hour sample, “ovarian steroidogenesis” for
the 24-hour sample and “Glycine, serine and threonine metabolism” for the 48-hour
sample. Interestingly, 4 KEGG pathways particularly important for innate immune
function, including “Toll-like receptor signaling pathway”, “TNF signaling pathway”,
“NF-kappa B signaling pathway” and “Cytokine-cytokine receptor interaction” were
activated at the early treatment time points (6 and 12 hours). This illustrated that the
<3K AC fraction can active cell reprogramming towards the innate immune response
with relatively fast kinetics. In other words, the active component in the <3K AC
fraction is possibly a potent immunostimulator. In contrast, the late treatment time point
(48 hour) appeared to be particularly associated with 4 alternative KEGG pathways,
including “staphylococcus aureus infection”, “complement and coagulation cascades”,
“biosynthesis of amino acids”, and “Glycine, serine and threonine metabolism”. This
result indicated that prolonged treatment of the <3K fraction may induce further
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changes in cell metabolism in addition to immune function.
Under the combined treatment of <3K plus >100K AC fractions, 33, 48 and 50
pathways were significantly enriched for DEGs seen at the treatment time point of 6
hours, 24 hours and 48 hours, respectively (Fig. 4.5B). The smallest Q value was
obtained with the “Cytokine-cytokine receptor interaction” for all three treatment
points. In addition, 6 additional KEGG pathways, including “MAPK signaling
pathway”, “Rheumatoid arthritis”, “Chemokine signaling pathway”, “Toll-like receptor
signaling pathway”, “NF-kappa B signaling pathway”, “TNF signaling pathway”, were
also enriched for all three samples from different treatment time points. Pathways, such
as

“Osteoclast

differentiation”,

“NOD-like

receptor

signaling

pathway”,

“Leishmaniasis” and “Malaria”, appeared to be more highly upregulated in the
treatment time points of 24 and 48 hours than 6 hours.
Figure 4.5C showed the most highly enriched pathways and their associated
DEGs for the <3K treatment group (𝑇3𝑘_48ℎ ). The result showed that ITGAM and CR1,
both upregulated, were involved in the pathways of legionellosis and complement and
coagulation cascades. Three of the highly enriched pathways, i.e., glycine, serine and
threonine metabolism, legionellosis and complement and coagulation cascades, mainly
belonged to the functional categories of immune clearance, inflammatory response and
immune response [107] [108]. This was illustrated by the DEGs associated with these
pathways, such as CD14, IL1B, CXCL8, NFKB2, CR1, C5AR1 and CPAMD8, which
have all been reported to be involved in the innate immunity and inflammatory response

73

[109] [110]. Furthermore, the enrichment of metabolic pathways may also contribute
to improve the host immunity, as certain amino acid synthesis has been previously
shown to promote innate immunity [111].
The cytokine-cytokine receptor interaction pathway was one of the most
significantly enriched pathways for the combined treatment groups (<3K plus >100K
fractions) at all treatment time points. In total 67 DEGs were found to be associated
with this pathway for the 48-hour treatment sample (𝑇3𝑘+100𝐾_48ℎ ) (Fig. 4.5D). The
majority of the DEGs were highly upregulated, including CXCL10, CCL4, CCL8,
CCL4L2, IL6, IL1R2, IL1B, TNF, and ACVR2A. Nonetheless, there were a number
of genes important for innate immunity that were downregulated, such as ILE8RB,
LI13RA1, KIT, FLT3, PRLR and TNFSF11. Interestingly, most of the upregulated
genes were either proinflammatory cytokines, such as IL-6, IL-1 and TNF, or M1specific proinflammatory chemokines, such as CCL3, CCL4, CXCL10, CXCL12 and
CXCL13 [112][113]. These results further demonstrated and confirmed the
immunostimulatory activities of the two active AC fractions in activating
proinflammatory macrophages.
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Figure 4.5. KEGG pathway enrichment analysis of the DEGs. (A, B) List of the
enriched pathways for the different treatment groups, i.e., (A) THP-1 vs 𝑇3𝑘_6ℎ , THP1 vs 𝑇3𝑘_12ℎ , THP-1 vs 𝑇3𝑘_24ℎ , THP-1 vs 𝑇3𝑘_48ℎ and (B) THP-1 vs 𝑇3𝑘+100𝑘_6ℎ ,
THP-1 vs 𝑇3𝑘+100𝑘_24ℎ , THP-1 vs 𝑇3𝑘+100𝑘_48ℎ ; (C) KEGG-DEG relationship
network for THP-1 vs 𝑇3𝑘_24ℎ . The red and blue circles denote the upregulated and
downregulated genes, respectively. The purple circles show the top four enriched
pathways. (D) Significantly differentially expressed genes identified by the KEGG
pathway analysis that are involved in the cytokine-cytokine receptor interaction. Red
denotes the significantly upregulated genes, and green denotes the significantly
downregulated genes.

81

Chapter 5

Purification and Structural Characterization of

the Active Components of Alocasia Cucullata

5.1.

Purification of the polysaccharide active component from the >100K
fraction
As shown in Figure 5.1A, the >100K AC fraction was separated into 10

fractions by gel chromatography on a Superose-6 Column. In terms of activity in
activation macrophage, fractions 2 and 3 showed the highest level of concentrated
activity when combined with the <3K fraction (4 mg/ml). Compared to the
crude >100K fraction, bioactivity of the fractions 2 and 3 is concentrated by 15-fold,
from 0.6 mg/ml to 0.04 mg/ml. Moreover, the weight distribution of each eluted
fraction was measured. Fractions 2 and 3 exhibited a single and symmetrical peak with
the same retention time based on high performance gel permeation chromatography
(HPGPC), indicating that fraction 2 and 3 were homogeneous polysaccharide likely of
the same identity. (Figure 5.1B). I therefore combined these two fractions together and
further purified the active polysaccharide by dialysis. The HPGPC profile of the
dialysis product displayed a single and symmetrical sharp peak, suggesting that this
further clean-up polysaccharide, AC-100K, was largely homogeneous (Figure 5.1C).
Activity of AC-100K was tested again using the morphology-based activity assay,
which showed strong effects at 0.04 mg /ml.
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Figure 5.1. (A) Elution profile of the crude >100K fraction off a Superose-6 column.
(B, C). HPGPC chromatogram of (B) the different fractions eluted from the Superose6 column and (C) the purified AC-100K.
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5.2.

Chemical component analysis of AC-100K
The total carbohydrate content of AC-100K was determined to be 64.6% and

the protein content was 10.3%. The molecular weight of AC-100K was further
estimated by HPGPC analysis based on the molecular weight retention time. By
referencing to the calibration curve, I found the molecular weight of AC-100K to be 3
x105 Da.
The sugar composition of AC-100K was determined by GC–MS analysis. Peaks
at 28.455 and 29.125 min exhibited by AC-100K were saccharide signals according to
the mass fragments (Figure 5.2A). By comparing with the monosaccharide standards
(i.e., arabinose, xylose, d-mannose, d-glucose and galactose), AC-100K was found to
consist of mainly glucose and galactose with a molar ratio of 6.8:1, based on the
retention time and relative percentage of each sugar.
Next infrared absorption spectroscopy, which measures the vibrational energy
levels of molecular dipole moment, was used to identify the characteristic organic
groups of the AC-100K polysaccharides [114]. As show in Figure 5.2B, the IR
absorption at 3400 cm−1 can be attributed to the hydroxyl groups with stretching
vibration. The absorption signal at 2929 cm−1 was characteristic of the C-H stretching
vibration. The absorption at 1638 cm−1 corresponded to the carbonyl C=O stretching
vibration, implicating that the sugar chain contains a carbonyl group. The absorption
signal at 1416 cm−1 can be attributed to carboxyl−COOH, indicating the presence of
polysaccharide uronic acid. Moreover, the peaks at 1154 cm−1, 1079 cm−1 and 1023
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cm−1 suggested that the monosaccharide of AC-100K has a pyranose ring.
I also employed

1

H NMR to characterize the structure of AC-100K

polysaccharide (Figure 5.2C). The signal peaks of the AC-100K polysaccharide were
mainly concentrated between 3.65 – 5.42 ppm. Chemical shifts at 5.42 ppm suggested
that the sugar rings of AC-100K were pyranose rings and the saccharide residues of
AC-100K were linked by α-configuration glycosidic bond. The strong signals at 3.68–
3.90 ppm were consistent with the presence of β-galactopyranose.
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Figure 5.2. (A) The GC–MS spectrum of the AC-100K polysaccharide in reference to
six standard monosaccharides, including fructose, arabinose, xylose, mannose, glucose
and galactose. (B) FI-IR spectrum of the AC-100K polysaccharide. (C) 1H NMR
spectrum of the AC-100K polysaccharide.
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5.3.

Purification of the <3K AC fraction
The crude <3K fraction was first separated into 15 fractions (1 to 15) by Bio-

gel P-4 gel filtration column. The elution profile in terms of mass was shown in Figure
5.3A. Fractions 8, 9, 10, 11 and 12 were found to show the highest level of concentrated
activity to activate macrophages, when in combination with the large >100K fraction
(1.5 mg/ml). Compared with the crude <3K fraction, activity of the fractions 8, 9, 10,
11 and 12 was concentrated by 10-20 fold, from 4 mg/ml to 0.2-0.4 mg/ml (Figure
5.4A). Since the fractionation range of Bio-Gel P-4 column is 800 to 4000 Da and the
fractions with significantly concentrated activity all eluted off the column late, the
active component in the <3K fraction is likely to be relatively small, around 800 Da.
To further purify this active fraction, I tested a number of SPE columns,
including Sep-Pak C18, PoraPakTM Rxn RP polymer-based C18 and ISOLUTE SCX
(strong cation exchange column). I found Sep-Pak C18 column was able to concentrate
the bioactivity in fractions eluted off by 20% and 50% MeOH in water (Figure 5.3B).
These two fractions showed further 4-fold concentrated activity, i.e., at 0.05-0.1 mg/ml.
I next attempted to use semi-preparatory HPLC columns, such as C18 and
extended C18 columns, to separate the mixed molecules in the clean-up <3K fraction
and obtain the <3K active component at high purity. Despite extensive effort, I am still
not yet successful in this purification step and am continuing to optimize the
purification protocol.
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Figure 5.3. (A) Elution profile of the <3K fraction off the Bio-gel P4 column. (B)
Elution profile of the Bio-gel P4 purified <3K fraction off the Sep-Pak C18 SPE column.
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5.4.

LC-MS spectrum of the crudely purified <3K fraction
Preliminary chemical analysis of the crudely purified <3K fractions (i.e., those

at activity level of 0.05-0.1 mg/ml) was performed by LC-MS. Figure 5.4 compared
results of the two concentrated active fractions eluted off the SPE C18 column. The
fraction that came off at 20% methanol showed 3 distinct mass peaks, while the fraction
that came off at 50% methanol exhibited 5 distinct mass peaks (Fig. 5.4A). The first
peak was shared by both fractions. These peaks were numbered as 1, 2, 3, 4, 5, 6 and 7,
and were eluted in sequence at 2.2 min (M = 146.0609 Da; 30.7% organic solvent),
2.56 min (M =217.0985 Da; 34.8% organic solvent), 4.25 min (M = 160.0875 Da; 54.6%
organic solvent), 2.74 min (M = 565.1584 Da; 37.0% organic solvent), 3.21 min (M
=249.1139 Da; 42.5% organic solvent), 3.44 min (M = 440.2304 Da; 45.1% organic
solvent), 3.65 min (M = 435.1678 Da; 47.6% organic solvent), respectively. The most
likely molecular formulas corresponding to the individual peaks were shown in Figure
5.5B.
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Figure 5.4. (A) RP-HPLC chromatogram acquired by Q-TOF–MS for the active
fractions eluted off the SPE C18 active fractions. (B). Possible molecular weight and
chemical formula for the 7 mass peaks.
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Chapter 6

Discussions and Conclusions

Pervious study by our lab has demonstrated that the whole AC water extract
displayed strong anticancer effect by activating innate immunity. However, the lack of
knowledge regarding the chemical compositions and properties of AC active
components hinders the further development of AC into new immuno-oncology drugs.
Therefore, in this PhD study I employed a variety of chemical biology techniques to
purify the two distinct AC active fractions as well as characterize their respective
chemical properties and bioactivities. The >100K AC fraction was successfully purified,
revealing a unique polysaccharide that can activate multiple TLRs. The <3K AC
fraction was also purified, but the precise active small-molecule component from this
fraction was still yet to be identified.
Macrophages are key innate immune cells with high plasticity and exist in a
mixed state of M1 and M2. Previous studies have shown that a phenotypic shift from
proinflammatory M1 to M2 phenotype plays an important role in promoting cancer
pathology [115]. Therefore, the active components of AC are drug candidates of high
potential, as our data showed that they are able to not only activate proinflammatory,
antitumor macrophages from monocytic precursors but also repolarize the antiinflammatory protumor M2 macrophages towards the M1 phenotype. The bioactivity
of the <3K active component is particularly exciting and likely with high translational
potential, as it exhibits immune activity that is distinct from and superior to phorbol
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myristate acetate (PMA), the only small-molecule compound currently available to
differentiate monocyte into macrophage. The fact that the <3K active component can
also synergize with AC-100K to activate non-conventional TLR signaling pathway(s)
also points to novel chemistry and bioactivity of this natural product.
The genome-wide transcriptome analysis provided a global view of the cellular
alterations induced by the two AC fractions. Results of the GO and KEGG pathway
enrichment analysis revealed that the single treatment of <3K fraction alone activated
both common and unique sets of genes and pathways as compared with the combined
treatment of <3K plus >100K fractions. The <3K active fraction mainly induced the
NF-kappa B signaling pathway and TNF signaling pathway at the early time point of
upregulating the innate immune response. As drug effect prolonged, pathways, such as
complement and coagulation cascades and glycine, serine and threonine metabolism,
were enriched, indicating possibly a global change in metabolism that may further
enhance the immune activity. In contrast, the combined treatment of <3K plus >100K
upregulated similar pathways in both the early and late time points, including the
cytokine-cytokine receptor interaction pathway and NF-kappa B signaling pathway.
This suggests that the >100K active component enhances the proinflammatory activity
of the <3K active component, leading to a more rapid and extensive immune response.
In addition, the identification of significant upregulation of a wide variety of
proinflammatory cytokines and chemokines under the <3K plus >100K treatment, such
as CCL4, IL-1 and TNF, further substantiated the AC activity in generating M1-like,
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pro-inflammatory antitumor macrophages.
In order to validate the DEGs identified by the RNA-Seq profiling, in the
follow-up studies one can measure, more accurately, levels of the DEGs that exhibit
highly significant differences in expression or are involved in important signaling
pathways by quantitative real-time polymerase chain reaction (RT-qPCR). For instance,
the top rank-ordered DEGs induced by the <3K active fraction, such as ICAM1, MMP9,
CBSL and CYP1B1, can be quantified by RT-qPCR to not only confirm their
involvement but also determine their induction kinetics.
In addition to the immune pathways, the <3K active component was found to
also significantly perturb the glycine, serine and threonine metabolism pathway.
Previous studies have revealed key differences in metabolic signatures between M1 and
M2 macrophage. The metabolism of M1 macrophages is associated with aerobic
glycolysis, pentose phosphate pathway (PPP), and fatty acid synthesis, while the M2
macrophages rely more on the mitochondrial oxidative phosphorylation (OXPHOS),
fatty acid oxidation, and an intact tricarboxylic acid (TCA) cycle [116][117]. In addition,
M1 and M2 macrophages also differ in amino acid metabolism. In M1 macrophages,
arginine can be recycled via regulation of argininosuccinate synthetase (ASS1) and
argininosuccinate lyase (ASL), and there is sustained nitric oxide (NO) output by
inducible NO synthase (iNOS). In contrast, M2 macrophages upregulate arginase-1,
which breaks down arginine into L-ornithine and urea [118][119]. Moreover, the level
of glutamine-derived α-ketoglutarate (α-KG) was found to contribute to M2
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macrophage polarization by suppressing IKK activation that is required for NF-κB
mediated pro-inflammatory effects, while glutamine promotes M1 macrophage
polarization through succinate produced by glutamine-dependent anerplerosis or the γaminobutyric acid shunt [120]. In summary, the differential metabolic signatures
induced by the <3K active component require further studies which will shed new light
on the potential drug targets and mechanisms of the <3K AC active component.
The isolation and purification of active components from herbal extracts based
on bioactivity is generally recognized as extremely challenging and the bottleneck of
developing new drugs from TCMs. In my PhD study, I was able to purify the
polysaccharide active component from the >100K fraction and determine its chemical
properties, by combining chromatography techniques with the general protocol for
polysaccharide purification. This polysaccharide, AC-100K, was determined to be of
average molecular weight of 3 x105 Da, mainly consist of glucose and galactose, and
have a pyranose ring and β-galactopyranose linked by α-configuration glycosidic bond.
However, further work is needed to determine the chain structure and conformation of
AC-100K. The major technique to determine the glycosidic bond forms linking the
monosaccharides is 2D NMR, e.g., heteronuclear multiple bond coherence, 1H13C
coupling (HMBC) [121]. HMBC can be used for hydrocarbon allocation and study of
the structural skeleton by associating hydrogen protons with distant carbons. Recent
studies showed that polysaccharide bioactivity depends not only on the primary
structures but also on the higher-order structures [122] and Scanning Electron
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Microscopy (SEM) can be used as a qualitative method to determine the higher-order
microscopic structure of the polysaccharides [124]. Therefore, further analysis using
2D-NMR and SEM can shed more light on the detailed structure and activity
mechanism of AC-100K.
However, I was less successful in purifying the active molecule from the <3K
fraction due to its high hydrophilicity. I found the majority of the <3K activity was in
the water fraction, which made it difficult to purify the active molecule using
conventional chromatography methods that typically rely on organic solvent elution.
Purifying polar compounds from TCMs is generally recognized as extremely
challenging, as conventional HPLC methods that rely on organic solvent are not
effective. This is further complicated by the fact that the small-molecule active
component in the <3K AC fraction did not show UV absorption. One alternative to the
1-D purification techniques is two-dimensional (2-D) reversed-phase liquid
chromatography (RPLC) coupled with hydrophilic interaction liquid chromatography
(HILIC), which could be tested for isolating the polar active compounds from the <3K
fraction. Given the lack of UV absorption, photodiode array detection and evaporative
light scattering detection (HPLC-DAD-ELSD) can be used as an alternative detection
method. ELSD can detect non-chromophoric compounds and has been used as an
effective method to identify and characterize compounds from plant extracts, such as
saponins, alkaloids and sesquiterpenoids [125].
Although RPLC alone is not able to separate polar compounds, combining it
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with HILIC has shown selectivity for polar compounds [126]. The 2-D method
consisting of RPLC and HILIC may not only improve the peak capacity, but also reduce
the overlap between the chromatographic peaks, which enables separation of polar
compounds in complex samples [127]. In order to find the appropriate column
combinations that confer the needed selectivity for active polar components in the <3K
fraction, a few analytical columns could be tested, e.g., ZORBAX Eclipse XDB-C18
HPLC column, Agilent ZORBAX Extend-C18 HPLC column, Atlantis HILIC Silica
column, and zwitterionic HILIC column. If a satisfactory separation result is obtained
with one of these columns, linear magnification method can be employed to convert
the flow rate and chromatographic conditions from the analytical to preparative scale
for purifying the <3K active component [128].
Besides the common liquid-solid chromatography methods, high-speed
countercurrent

chromatography

(HSCCC)

is

a

continuous

liquid-liquid

chromatography that utilizes two immiscible liquid phases for the partition of
compounds with low irreversible adsorption and low risk of sample denaturation [129].
Several polar compounds from TCM has been successfully purified by this
chromatography method. For example, Ma et al. developed a HSCCC method using a
two‐phase solvent system that comprised chloroform/methanol/0.3 mol/L hydrochloric
acid (4:3:2, v/v/v) to separate two highly polar alkaloids from Semen Strychni, brucine
chloromethochloride and strychnine chloromethochloride [130]. Four highly polar
antioxidants were successfully isolated by HSCCC from the Chirita longgangensis
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using a two-phase solvent system of ethyl acetate–n-butanol–methanol–water
(5:0.1:0.5:4.5, v/v) [131]. Therefore, HSCCC method could be tested and optimized in
follow-up study for purifying the <3K active component. The most important step
towards a successful HSCCC separation is the selection of an appropriate biphasic
solvent system. A typical two-phase solvent system to start with is hexane-ethyl
acetate–methanol-n-butanol–water (3:5:3:0:5, v/v) , and the volumetric ratio can be
further optimized according to the partition result and distribution constant (𝐾𝐷 ) [132].
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