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Abstract Cancer relapse or recurrence has been the greatest challenge in the treat-
ment of this life threatening disease, which occurs due to resistance of cancer cells
to drug or radiation therapy. Most often this resistance is developed during treat-
ment, which makes it even more complicated, leading to the failure of chemo or
radiation therapy in the majority of cases. To circumvent these problems associated
with conventional therapies, newer strategies were adopted like targeted therapy
using monoclonal antibodies, immunotoxins and antibody-drug conjugates. How-
ever, targeted therapy also showed failure in many in vitro and in vivo studies that
was again attributed to the emergence of resistant cells. Here, we discuss the vari-
ous factors and cellular mechanisms responsible for resistance against conventional
therapies and targeted approaches like recombinant immunotoxins. Cancer stem
cells (CSC’s) were identified as the major reason for resistance and their role in
cancer relapse has been proved convincingly in recent studies. Hence, resistance
mechanisms involved in CSC’s have been elaborated. We also summarize the strat-
egies being adopted currently to overcome resistance and different means of target-
ing resistant cancer stem cells that could be used in the future.
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DAMP  Damage-associated molecular patterns
DT Diphtheria toxin

EMT Epithelial Mesenchymal transition
GCS GlcCer synthase

GO Gemtuzumab ozogamicin
GSIs Gamma-secretase inhibitors
HIF Hypoxia inducible factor
IT Immunotoxin

MCL Mantle cell lymphoma

MDR Multi Drug Resistance

MRP1  Multidrug resistance protein 1

ov Oncolytic viruses

P-gp P-glycoprotein

SCLC Small Cell Lung Cancer

SCNP Single cell network profiling

T-ALL T cell acute lymphoblastic leukemia
T™MM Telomere maintenance mechanisms
Tnfaip3  Tumor necrosis factor alpha induced protein 3
TRAIL  TNF-related apoptosis-inducing ligand
VEGF  Vascular endothelial growth factor

2.1 Introduction

Cancer is the most devastating disease that confers threat to human health. The
widely used conventional treatment for all types of cancers is chemo- and radia-
tion therapies. However, the emerging resistance towards various chemotherapeutic
drugs remains a great challenge in cancer treatment. Transcriptional misregulation
of genes and accumulation of mutations commonly result in gaining resistance to
the panel of chemotherapeutic drugs referred as Multi Drug Resistance (MDR).
MDR can be defined as “a state of resilience against structurally and mechanisti-
cally unrelated drugs”. MDR is the principal mechanism by which many cancers
develop resistance to chemotherapeutic drugs, leading to the failure of treatment in
patients with a variety of blood cancers and solid tumors, including breast, ovarian,
lung, and lower gastrointestinal tract cancers [1-3].

To combat chemotherapy resistance newer strategies were developed like target-
ed approaches which include immunotoxins, monoclonal antibodies, antibody frag-
ments (ScFv, Fab), antibody-drug conjugates etc. However, even targeted therapy
faces challenges due to the emergence of resistance by more complex mechanisms.
Here, we describe the various factors involved in cancer resistance with a focus
on resistance against immunotoxins, the role of cancer stem cells in resistance and
strategies to overcome resistance.
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2.2 Factors Responsible for Cancer Resistance

The hallmark of a cancer cell is the increased genomic instability and higher muta-
tion rates. Drug resistant tumour is most often acquired with characteristic features
like gene mutations, gene amplification, or epigenetic changes that influence the
drug metabolism, or export of drugs from cells. The daughter cells from cancer cells
acquire changes (mutations) at a high rate. Acquiring gene mutation is a common
characteristic feature of cancer cells. Normal cells can be targeted by drug treat-
ment. However, a mutated cell with a modified gene may have a function, which
can no longer be the drug target [4]. Mutations in any of the genes involved in meta-
bolic pathways that are essential for cell growth, survival, maintenance of cellular
homeostasis and cell division may result in resistance.

Other than mutations, the expression of drug transport proteins and the tumor
niche play a major role in resistance. The tumor niche is a microenvironment which
consists of diverse populations of malignant cells, with variable degree of resis-
tance, few of them being highly resistant [5]. Chemotherapy kills drug-sensitive
cells, but a small population called “side population” survives, which then drives
the cancer relapse. As the tumor begins to grow again, chemotherapy may fail to
eliminate resistant populations that culminate into a poor prognostic recurrence of
disease or even death. These side populations survive, proliferate at a higher rate
and finally rebuild the tumor microenvironment.

2.2.1 Gene Mutations in Signalling Pathways

A20 is a protein encoded by the gene tumor necrosis factor alpha-induced protein 3
(TNFAIP3). It regulates the canonical NF-kB activation and also acts as the cell’s
autocrine inhibitory molecule. It interacts with NF-xB upstream signalling com-
ponents which keeps the pathway activation under control [6]. Recent reports sug-
gested that NF-kB-dependent A20 exerts cell-type specific anti- or pro-apoptotic
functions. Increased A20 expression in few solid human tumors likely contributes
to both carcinogenesis and response to chemotherapy. However, a current approach
of analysing a unique molecular signature of each tumor holds promise for a per-
sonalized chemotherapeutic regimen comprising specific A20-targeting agents i.e.,
both inhibitors and enhancers [7].

Ibrutinib, an FDA approved drug, targets and inhibits the Bruton tyrosine kinase
(BTK), which is found in increased levels in several types of B-cell malignancies,
including mantle cell lymphoma (MCL) [8]. However, about one-third of these pa-
tients do not respond to the treatment and those that respond also become resistant
to the drug [9—11]. It was identified later that there was a patient-relapse—specific
mutation, C481S, in patients who initially had a durable response to ibrutinib but
then showed disease progression. The mutation resulted in increased BTK activa-
tion which leads to AKT activation, further driven by the cell-cycle regulator CDK4
[12,13].
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FLT3 is a cytokine receptor belonging to the receptor tyrosine kinase class I1I
family. Mutations in the FLT3 gene linked to a poor prognosis in acute myeloid leu-
kemia (AML). Early trials of FLT3 inhibitors gained resistance to treatment and the
development of a new FLT3 inhibitor AC220 showed promising activity in patients
with highly resistant leukemia [14].

Glucocorticoid resistance is a major cause of therapeutic failure in T cell acute
lymphoblastic leukemia (T-ALL). AKT1 impairs glucocorticoid-induced gene ex-
pression by direct phosphorylation of NR3C1 at position S134 and blocking glu-
cocorticoid-induced NR3C1 translocation to the nucleus. Conversely, pharmaco-
logic inhibition of AKT with MK2206 effectively restores glucocorticoid-induced
NR3CI1 translocation to the nucleus, increases the response of T-ALL cells to glu-
cocorticoid therapy and effectively reverses glucocorticoid resistance in vitro and
in vivo [10].

2.2.2 Drug Transporters

ATP-binding cassette (ABC) transporters play a major role in drug resistance. Che-
motherapeutic drugs are rapidly effluxed out by this family of transporters which are
localized in the plasma membrane of resistant cells. Three well studied transport-
ers involved in multi-drug resistance are—P-glycoprotein (P-gp, MDR1, ABCBI1),
multidrug resistance protein 1 (MRP1, ABCC1), and breast cancer resistance pro-
tein (BCRP, ABCG2).

P-glycoprotein had shown strong evidence in support of its role in pleiotropic
drug resistance in 1982, when it was shown that DNA from resistant cell lines trans-
formed in non-resistant cells conferred resistance which also correlated with protein
expression [15]. The gene for P-glycoprotein, called MDR-1, was cloned in 1985,
and the protein’s putative function was postulated on the basis of sequence homolo-
gies with bacterial hemolysin transport protein as an energy-dependent pump that
expels small molecules from inside the cells [ 16, 17]. Recent work suggests that in
non-small cell lung cancer cells: there is a correlation between MRP and mutant p53
expression, suggesting that it can be used as a prognostic marker.

ABCG?2 is the mitoxantrone resistance gene also known as breast cancer resis-
tance protein (BCRP), or ABC transporter in placenta (ABC-P). Mutant ABCG2
protein is an ideal candidate for human stem cell protection and for use as a select-
able marker in gene therapy [18].

2.2.3 Tumor Microenvironment and Accessibility

Hypoxia and accumulation of HIF-1 alpha in solid tumor tissues are associated with
resistance to chemotherapy, radiotherapy and immunotherapy [19]. Activated HIF-
1 induces the expression of vascular endothelial growth factor (VEGF) in cancer.
Increase in VEGF levels promotes tumor metastasis by angiogenesis [20]. Anti-
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angiogenic therapy using humanized VEGF antibody and VEGF receptor tyrosine
kinase inhibitors have been shown to have promising effect in solid cancer therapy.

Another important, but little studied, cause of drug resistance is the accessibility
of drugs to tumor tissue. Since the diluted concentration of drug that reaches the
target site, which is much less than the potential lethal concentration, it may trigger
resistance in cancer cells [21].

2.3 Resistance to Immunotoxins

Targeting cancer cells by inducing apoptosis is one of the earliest approaches to con-
trol cancer. However, cancer cells bypass apoptosis by activating alternate survival
pathways and/or by blocking/inactivating apoptotic pathways. Another strategy by
which resistant cells evade apoptosis is through the efflux of drugs by membrane
transporters by expressing multi-drug resistant genes.

Immunotoxins bind to specific cell surface receptor and are internalized into
endocytic vesicles. After priming, it is then translocated to the cytosol, and inhibit-
ing protein synthesis by acting upon ADP-ribosylation of elongation factor 2 in the
cytosol. Resistance can be induced by interference at any of these steps like down
regulation of receptor or poor binding of immunotoxins, degradation of internalized
toxins and failure of ADP-ribosylation of EF-2 by an escape mechanism in resistant
cells (Table 2.1).

Gemtuzumab ozogamicin (GO) is a conjugate of monoclonal antibody targeting
CD33 and the toxic drug calicheamicin. The poor expression of CD33 or the up-
take of GO was correlated with resistance in AML cell lines [22]. Similarly, higher
expression of HER2 was associated with response to T-DMI, which is a conjugate
of anti-HER2 antibody, trastuzumab and toxic drug moiety DMI, a derivative of
maytansine, in cancer cells [23].

2.3.1 Dysfunctional Apoptotic Pathways

Anti-apoptotic factors downstream of DNA damage play a major role in gaining
resistance against GO in AML. The AML cell line KGla displayed resistance to
GO due to defect in activation of the pro-apoptotic proteins Bak and Bax [24].
Activation of caspase-3 signaling was observed in HL60 and NB4 AML cells but
not in GO-exposed KGla AML cells. Bcl-2 family of anti-apoptotic proteins were
reported to be involved in GO resistance in few studies. HL-60 cells with stable
overexpression of Bcl-2 or Bel-XL were reported to be resistant to GO [25]. De-
spite inhibition of protein synthesis by PE-based immunotoxins, cell death was not
significant due to apoptosis via pro-survival proteins like Bcl-2 family. ABT-737,
a BH3-only mimetic that inhibits Bcl-2 protein could restore sensitivity in resistant
cell lines like DLD1 by neutralizing Bcl-2, Bel-x1, and Bel-w [26].



S. Devilakshmi et al.

38

(v3pL-L9d)
[z€] 1o 30 108uyg S[192 09'TH ¢0) LI ureyo-y uory
7953
[62] T8 30 yreino pue 09 TH +Ad YAN €€aD | S.LIPaseq uuoRn
souwrey pue uonepeIgop
[o€] Te 30 uopram ‘e ‘1pned ‘9pvD 7can 8¢Hd-(AIsp)ed [BWOSOSAT]
7953
[62] e 30 ypreino v urokworgeq | pue 09 TH +AY YA £€ad uIuo[d3-66 [ INNH ds-q
[s2]
“[e 30 Jo810quaUI'] sojdures TNV €€do 09 TAN Pue [N
[LS-MIN | sojdwes TNV ‘S[[0
[82] Te 30 1o3EM surodsooA) 141 ‘09-TH vaN €€ad 0D TN PUe ‘[IN “d3d
[L2] s1ouodsuen
[e 32 er[SLyuer) 09'TH £€ad 0D d34-19an ogav
dISS
[92] "Te 30 1urRLY, LEL-LEAV 1A71A | UIPyOSIA YiL 0Ovdd-1zdH g
[zl
“[e 30 1o810quaUI'] 09'TH €€dd 09 qials| Kemyreq
[¥c] 1e 10 Seey e[y €edd 09 Xeq pue yeq onoydody
(L]
Te 39 er[SLyuer) 09'TH €ead 0D | uorssaidxs ¢ 1Mo
QEQ CWRH ,«o coﬁ.mN:mEBE QOENN:wEuuS
[¢Z] ‘1B 12 oreg S[90 I130uRD Jsearg TI9H J9H huy) TINd-L pue uoIssaIdxo 1Mo ’ Hmom \co_m.
(uroTrrRAYOIRI-££AD -sa1dxo 10}
[zz] Te 30 1031RAN TNV €€ad nuy) 0N uorssaldxo ¢ 10mo -dooar 1omo
Q0UQIQJOY | AS91eHIS QANUIAdI] S[[PD | o[nodjow Ja81e] urxojounuruiy QOUR)SISAI UI POAJOAUL SI0)0B ]

SUIXOJOUNWIWI 0} dOUBISISOY [T dqeL



39

Immunotoxins, Resistance and Cancer Stem Cells: Future Perspective

2

907N
[9¢] "Te 10 uosoy Joyquyur L)V soul| [[99 TNV 09 Sur[reudis [ V/M€Id
744 ur opruweyy
[s¢] Te 1o o oul| [[99 ewoydwA ] can LI paseq Ad -ydp jo uonesyyIpoA
1owoxd yHJIA
[¥€] Te 1o oy suipnAoeze-g TIV wTan TCVH ur Hd) Jo uoneKyPRN
(L14d 1jowoid [HAA
[cc] Tesony S99 §-NdOX Cad | -Tedd-Buy) TTVH ur Dd) Jo uonBIAYSN | SI0)OB) YO
Q0UQIQJOY | AS91eHIS QANUIAdI] S[[PD | o[nodjow Ja81e] urxojounuru QOUR)SISAI UI PAAJOAUI SI0108 ]

(panunuoo) -z JjqeL



40 S. Devilakshmi et al.

2.3.2 ABC Transporters

Multidrug resistance proteinl (MRP1 or ABCC1), is overexpressed in 7-30 % AML
cases and was associated with resistance to GO. Expression of P-gp in AML blast
cells were correlated with resistance by treatment with GO in phase II clinical tri-
als. MDR1-Pgp and MRP1 efflux systems were reported to be engaged by CalCyl
in the resistant HL60 cell line but only MDR1-Pgp over-expression could abrogate
drug cytotoxicity in MDR cells [27].

The expression of multi drug resistance proteins P-gp, MRP1 and MRP2 was
characterized in CD33 + cell lines and AML samples. The MRP inhibitor MK-
571 showed cytotoxicity to GO in MRP-positive NB4 and HL-60 cells and the
Pgp inhibitor cyclosporine (CSA) increased susceptibility to GO in P-gp-positive/
MRP-positive TF1 cells [28]. In a case study, it was reported that MRP activity in
all patient samples and 17 out of 23 patients showed Pgp activity and further 12 pgp
positive samples were found sensitive after treatment with CSA. This proves the
important role of multi-drug resistance genes in gaining cancer resistance.

Gelonin is a RIP from the seeds of Gelonium multiflorum used in the immuno-
toxin. The IT HuM195-gelonin that consists of a humanized mAb specific for CD33
conjugated to a recombinant gelonin toxin. P-gp was reported to be involved in
resistance to HuM195-gelonin immunotoxin [25]. Resistance to HuM195-gelonin
and to free rGelonin was also reported in The human leukemic cell lines HL60 and
K562 by mediating multi-drug resistance through over expression of the P-glyco-
protein (P-gp). Inhibiting the function of P-gp was shown to reverse resistance to IT.
However, they showed that the same cells were sensitive to other protein synthesis
inhibitors like cycloheximide, saponin, and Pseudomonas exotoxin A [29].

2.3.3 Lysosomal Degradation

Lysosomes are involved in degrading internalized exogenous macromolecules
which include active immunotoxin in the cytosol. Weldon et al. [30] observed that
PE-based immunotoxin B3(dsFv)-PE38 targeting CD22 was susceptible to the
lysosomal degradation pathway in CD22-positive human Burkitt lymphoma cell
lines. Resistance to gelonin-based IT was suggested to be mediated by increased
lysosomal degradation [29]. Misfolded proteins are cleared by the ER and trans-
located to the proteasome in the cytosol for degradation by retrotranslocation via
a pathway known as ER associated degradation (ERAD). IT is known to exert its
activity by translocation from the ER to the cytosol. AB toxins were suggested to
act by mimicking misfolded proteins and entering the ERAD pathway to the cyto-
sol [31]. However, this will also result in the majority of proteins being degraded
through this pathway which is one of the reasons for resistance.

Resistance of myeloid cells to ricin A-chain IT CD33, p67-7-dgA, was attributed
to fast and efficient lysosomal degradation. The IT was found to bind to HL60 cells
but was not capable of killing whereas anti-TfR immunotoxin could kill the cells
[32].



2 Immunotoxins, Resistance and Cancer Stem Cells: Future Perspective 41

2.3.4 Other Factors

In a recent study, Moxetumomab pasudotox (HA22), an anti-CD22 Fv fused to
Pseudomonas exotoxin A, showed resistance in KOPN-8 cells due to methylation
of the CpG island in the DPH1 promoter that was overcome by the methylation
inhibitor 5-Azacytidine [33]. Earlier Wei et al. [34] showed that HA22 resistant
cell lines had low levels of DPH4 expression which in turn prevents diphthamide
biosynthesis in ALL. The CpG island in the promoter region of DPH4 gene was
hypermethylated in resistant cells which was reversed when incubated with 5-aza-
cytidine.

The PE conjugated IT targeting CD22 was found to be effective in drug resis-
tant hairy cell leukemia but not in acute lymphoblastic leukemia. In a recent work,
Wei et al. [35] claimed that resistance was due to the failure of the immunotoxin to
ADP-ribosylate and inactivate EF2 in the HA22-resistant lymphoma cell line. They
showed that this was, in turn, owing to the deletion of the diphthamide synthesis
gene WDRS85, which results in the modification of diphthamide in EF2 and, thus,
cannot be inactivated by the immunotoxin.

The PI3K/AKT signaling pathway is actively involved in cell growth, survival
and apoptosis mediated by AKT phosphorylation. The activation of the AKT signal-
ing pathway has been correlated with failure to therapy in AML. Recently, Rosen
et al., [36] noted the association of AKT signaling with GO resistance in vitro using
the single cell network profiling (SCNP) assays with the AKT inhibitor, MK-2206,
in AML samples.

2.4 Cancer Stem Cells and Resistance

The involvement of cancer stem cells (CSC’s) in tumor recurrence and invasion has
been a long debated concept. Several studies have proved the presence of cancer
stem cells in drug resistant cancers convincingly (Fig. 2.1). In a recent report by
Ding et al., [37], CSC’s have been proven to be involved in trastuzumab resis-
tance in mammary carcinoma cells. Cojoc et al., [38] have extensively reviewed the
mechanisms of resistance in cancer stem cells.

2.4.1 Drug Efflux

Cells that efflux drugs termed as side population (SP) are identified in resistant can-
cer cells. In cancer stem cells these MDR proteins are up-regulated and, thus, show
resistance towards many chemotherapeutic drugs. The ABCG?2 transporter has been
reported to be involved in resistance to various drugs like methotrexate, doxorubi-
cin, imatinib, daunorubicin, topotecan, mitoxantrone etc [39]. The ABC family of
transporters was also associated with resistance in targeted therapies such as the ty-
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Fig. 2.1 Mechanisms involved in cancer stem cell resistance. / Small molecule drugs are effluxed
by the membrane transporters P-gp/MDR1, MRP1 and BCRP/ABCG2. 2 Some drugs are detoxi-
fied by the enzyme ALDH. ROS generated during radiation therapy are scavenged by enzymes
like Glutathione S transferase, Peroxidase and Catalase. 3 DNA damage induced by radiation ther-
apy or drugs is repaired by HMG proteins and the cell cycle checkpoint mechanisms ATM-Chk2
and ATR-Chkl are activated. 4 Anti-apoptotic and developmental signaling pathways needed
for survival like Notch, Wnt and Hedgehog pathways are activated. 5 Intracellular digestion by
autophagy is activated by fusion of autophagosomes with endosomes and lysosomes. Targeted
therapy using monoclonal antibodies and immunotoxins lead to specific binding to cell surface
markers but are internalized and could be degraded by lysosomal enzymes. 6 CSC’s adopt quies-
cence by shutting down replication and remaining in a dormant state with no metabolic activity.
7 The cancer microenvironment protects CSC’s from therapeutics or other stress. The CSC niche
includes stromal fibroblasts, immune cells, mesenchymal stem cells, extra cellular matrix, growth
factors and cytokines released by these cells and also physiologic factors like hypoxia and pH

rosine kinase inhibitors Sorafenib, Imatinib, Nilotinib, Gefitinib and Erlotinib [38].
Cancer stem cells use drug efflux mechanisms actively to prevent the drug from
acting and this property is used to even sort CSC populations based on their ability
to efflux dyes like Hoechst 33342.

2.4.2 Detoxification and Cellular Repair

Resistance to radiation therapy has been associated with increased involvement
of ROS scavenging mechanisms which enhance cell survival by eliminating ROS
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generated during therapy. The level of glutathione, one of the ROS scavengers has
been correlated in gastrointestinal cancer cells and HNSCC. Other genes involved
in ROS scavenging like superoxide dismutase, glutathione peroxidase and catalase
were reportedly upregulated in CD44+CD24—breast CSCs [38]. CSC’s were con-
sistently found to display high ALDH activity which is involved in detoxification
and are associated with drug resistance. Levels of ALDH1 have been frequently
used as a marker for identification and sorting of CSC’s. Administration of ALDH1
inhibitors could reduce tumor growth and resistance [40].

Damage-associated molecular patterns (DAMP’s) are molecules released by
damaged cells that initiate repair and survival mechanisms in cells. These molecules
are recognized by pattern recognition receptors (PRR). Hombach-Klonisch et al.
[41], suggest that DAMP signaling via several PRR may be one of the major tumor
survival response associated with cell proliferation, inflammatory and autophagy
responses in cancer stem cells.

2.4.3 DNA Repair and Modification

Cancer stem cells often display highly efficient DNA repair systems. Higher expres-
sion of DNA repair genes have been reported to be involved in chemo-resistance.
Cells with higher expression of High Mobility Group (HMG) proteins show en-
hanced DNA repair mechanisms and thus evade killing by drugs. Cojoc et al. [38]
has reviewed several studies which showed that DNA repair mechanisms are acti-
vated in cancer stem cells in glioma, nasopharyngeal carcinoma, lung, breast and
mouse mammary tumors. Also, the checkpoint mechanisms have been induced in
cancer stem cells via the kinase signaling pathways ATM-Chk2 and ATR-Chk1.

In another study genes involved in chromatin modification, such as KDM5A/
JaridlA, a histone H3K demethylase and histone deacetylases (HDACs) were over
expressed in drug resistant cells in Non-small cell lung cancer cell lines [42]. Thus,
chromatin modifications and epigenetic changes can be partly responsible for resis-
tance [43]. The unlimited replicative potential is one of the hallmarks of cancer and
it requires activation of telomere maintenance mechanisms (TMMs). Two TMMs
are currently known in human cancer, namely, telomerase activity and the alterna-
tive lengthening of telomere (ALT) mechanisms. Although both TMMs appear to
be equivalent in their ability to support immortalization, their contribution to tumor
growth and survival and consequently patients’ prognosis may differ [44].

Telomeres are specialized DNA-protein structures located at the end of eukary-
otic chromosomes. They are essential for continued cell proliferation. Indeed, telo-
mere attrition, which occurs within each cell division, represents a molecular clock
that counts the number of times a cell can divide and determines its entry into senes-
cence [45]. Other than acting as a mitotic clock, telomeres play an important role in
the maintenance of genomic integrity. As suggested by Feijoo et al. [46], telomere
erosion in a context of impaired cell cycle checkpoint may constitute an important
mechanism during tumoriogenesis.
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2.4.4 Survival Pathways

Different studies have proven the involvement of developmental pathways, wingless-
type MMTYV integration site family (WNT), Notch signaling and Hedgehog path-
ways in cancer stem cells and resistance. These pathways are involved in self-renewal
of normal stem cells. Activators of Wnt, Notch and Hedgehog signaling pathways
could induce proliferation of HSC’s. Inhibition of B-catenin of the Wnt pathway by
axin was found to reduce the self-renewal capacity [47]. Cojoc et al. [38] in his re-
view compiled the studies that have shown over expression of genes involved in these
pathways in cancer stem cells. Inhibitors of these pathways like gamma-secretase
inhibitors (GSIs) and cyclopamine rendered the cells susceptible to treatment.

2.4.5 Autophagy and EMT

Autophagy is a lysosomal degradation pathway which is involved in the degrada-
tion of intracellular materials and the removal of damaged organelles, protein ag-
gregates or microbes. It plays a major role in cell survival in metabolic stress and
preventing apoptosis in cancer cells. The epithelial Mesenchymal transition (EMT)
which has also been associated with resistance to cancer therapy is known to be re-
lated to autophagy and stemness. Cancer stem cells utilize alternative mechanisms
of survival to manage environmental stress, autophagy being one of them. Cojoc
et al. [38], have shown increased resistance in prostate and pancreatic cancer cell
lines by the induction of autophagy by Neurophilin-2.

2.4.6 Quiescence

One of the important features of CSC’s is their dormancy or quiescence. Dormant
CSC’s are extremely slow cycling with an arrest in the GO phase and, hence, have
a minimum energy requirement. They have been reported to show highest capacity
for self-renewal. Quiescence was considered as a major factor responsible for the
ability of CSC’s to survive harsh conditions and anti-cancer therapy. Drug resis-
tance was suggested to be due to the fact that most drugs target DNA replication and
proliferation of cells or metabolic pathways which are greatly reduced in these cells.
Their dormancy could be broken by the addition of cytokines involved in activating
dormant CSC’s during injury like G-CSF and IFNa, which induced proliferation.
This has been used as a strategy to eliminate CSC’s [48].

2.4.7 Microenvironment

CSC’s are often hidden in the hypoxic core of cancer tissue in a unique niche that
contributes to its survival. This niche called the microenvironment is vital for their
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existence as they are surrounded by stromal fibroblasts and an extra cellular ma-
trix (ECM) that release cytokines and signaling factors. Tumor and stromal-derived
factors have been shown to play a key role in CSC maintenance and therapy resis-
tance. CXCL12/CXCR4 signaling and TGF-f/SMAD signaling are major pathways
induced by these growth factors. Growth factors released in the tumor niche like
PDGF, IL1B, TNF, TGF-B, chemokine CXCL12 and MMPs were involved in the
development and regulation of CSC’s [38].

CSC’s are protected from the environmental stress and attack by therapeutic
agents in the microenvironment. One of the major reasons for radio resistance was
found to be hypoxia in the CSC niche since oxygen is required for radiation-induced
killing. Also, the hypoxia-inducible factor (HIF) signaling is activated in hypoxic
condition which in turn activates survival pathways.

2.5 Strategies Used to Overcome Resistance

2.5.1 Inhibitors of Anti-apoptotic Proteins

Blocking anti-apoptotic proteins Bel-2, Bel-x1, and Bel-w is an important strategy
used by many investigators to combat resistance. Oblimersen, was used to target
Bcl-2, showed improvement in GO treatment in 25 % of AML patients in a phase II
clinical trial [49]. IL-2/granzyme A fusion protein improved doxorubicin sensitivity
of the MDR +1m1-mdr cell line by inducing caspase-independent apoptosis [50].

In a detailed study by Traini et al. [26], ABT-737 and PE immunotoxin could
inhibit apoptosis in combination. ABT-737 could bind to the hydrophobic core of
Bcl-2 proteins Bcel-2, Bel-x1, and Bel-w while the immunotoxin degraded Mcl-1
protein, thus releasing the inhibition of the apoptotic pathway. ABT-263 as well
as ABT-737 have been reported to show synergistic killing with PE immunotoxin
targeting transferring receptor in Small Cell Lung Cancer (SCLC) cell lines that
were otherwise resistant to the immunotoxin. Killing was observed in 6 h with loss
of Mcl-1. The same effect was observed in vivo also when the immunotoxin was
administered in combination with ABT-737 in nude mice with H69AR tumor [51].

TNF-related apoptosis-inducing ligand (TRAIL) reportedly induces apoptosis
independent of major pathways controlling chemotherapy resistance [52]. The
MDR + subline MDR-U20S was shown to be TRAIL sensitive due to reduced
AKT activation [53]. Apoptosis could be induced in resistant cells with low Bak us-
ing mesothelin conjugated with anti-TRAIL receptor 2 [54]. Anti-sense oligonucle-
otides have been employed in clinical studies to sensitize cancer cells to apoptotic
triggers [55, 56]. However, there is emerging evidence to support the novel mecha-
nism of death inhibition by Bcl-2 involving its ability to modulate cellular redox
status and mitochondrial metabolism.
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2.5.2 Blocking Membrane Drug Transporters

Hamada and Tsuruo [57] developed two monoclonal antibodies (MRK16 and
MRK17) against the membrane transporter P-glycoprotein. Fitzgerald et al. [58],
reported the use of MRK16 coupled with PE toxin in killing multi-drug resistant KB
cell lines. The anti-P-glycoprotein monoclonal antibody MRK16 could overcome
bone marrow resistance against daunomycin, doxorubicin, vincristine, vinblastine,
etoposide, and taxol in multi-drug resistant transgenic mice. The MRK16-PE con-
jugate was also successfully shown to kill bone marrow cells in a dose-dependant
manner [59]. MRK 16 was used along with Saponin immunotoxin that could elimi-
nate 99 % of MDR cells [60]. A recombinant single-chain Fv fragment against P-gp
was developed by Niv et al. [61].

It was proven that the combination of antibody conjugates with chemosensitisers
(cyclosporin A, D, G) that block P-gp transporters restored the sensitivity of MDR
cell lines [62]. Two inhibitors of ABCG2 and ABCBI transporters, GF120918 and
tariquidar, have been approved for clinical studies. Although CD33 is expressed in
90 % of AML patients, more than 50 % of patients show remission due to GO resis-
tance mediated via the membrane transporters [63]. Addition of U0126, a MEK1/2
inhibitor, was reported to prevent GO resistance induced in HL-60/GO resistant
cells. Combination of the MDR modifiers PSC833 or MS209 with Gemtuzumab
ozogamicin (CMA-676) was observed to reverse resistance in CD33+AML with
P-gp-related MDR [64] by inhibiting the efflux of therapeutic agents.

2.5.3 Delivery and Intracellular Trafficking

HPMA hydrogels were used successfully to prolong the delivery of antibody-drug
conjugates with different targeting moieties (anti-CD71, anti-thymocyte globulin,
anti-CD4, transferrin) tested on human multidrug resistance (MDR) cell lines [62].
The trafficking route via specific organelles was found to play a major role in the
case of LMB2, an IT comprising PE38 and an Fv against IL2 receptor [65].

ABT-737 showed 20-fold enhanced killing of resistant cell lines by PE IT’s by
increasing the delivery of IT from the ER to the cytosol by a mechanism poorly un-
derstood. However, it was hypothesized that ABT-737 induces ER stress and facili-
tates its transport to the cytosol [26]. Recently, IT named RG7787, a PE-based toxin
targeting mesothelin was reported to be efficient due to resistance to lysosomal
degradation in breast and gastric cancers [66].

2.5.4 Inhibition of DNA Repair and Telomerase Activity

Inhibition of DNA repair and DNA damage checkpoint mechanisms like the ki-
nase pathways ATM-Chk2 and ATR-Chkl were utilized by some workers. The
chk1 inhibitor AZD7762, debromohymenial-disine (DBH) that inhibits both Chk1
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and Chk2 kinases and the ATM inhibitor KU55933 were effective against resistant
populations along with chemo or radiotherapy [67]. Santambrogio et al. [68] used
microRNAs to impair telomerase activity or to affect telomere functions in cancer
cells. Crees et al. [69], Romaniuk et al. [70] and Uziel and Lahav [71] described
the approaches developed during the last decades to inhibit telomerase, aimed to
interfere with the enzyme's catalytic activity. Overall, accumulating evidence from
preclinical studies on the effects of telomerase inhibition in human cancer has pro-
vided persuasive arguments to indicate that the enzyme is a well-validated cancer
target and an ideal tumor-associated antigen [45].

2.5.5 Combination Therapy

Two treatment strategies were devised based on cancer cell genetic findings. It in-
volves the serial use of two anti-cancer drugs, the first to weaken or "prime" the
cancer cells, and the second to deliver an added impact. To prime the cancer cells,
researchers used Palbociclib (which selectively inhibits two cell-cycle promoting
proteins, CDK4 and CDKG®6) to slow down the cancer’s growth and sensitize cells
being targeted by the second drug. Previous clinical studies have shown that pal-
bociclib itself can significantly inhibit the growth of mantle cell lymphoma. In the
cells with a mutated BTK, palbociclib was administered first, and then the second
drug idelalisib. In lymphoma cells lacking the BTK mutation, the investigators also
started with palbociclib, followed by ibrutinib, since both drugs are well tolerated
by the patients.

7-hydroxystaurosporine (UCN-01) is a novel protein kinase inhibitor that in-
creases chemotherapy-induced apoptosis in vitro and is in early phases of clinical
development [72]. In vitro, UCN-01 is synergistic with multiple cytotoxic agents
and increases fludarabine-induced apoptosis in a human breast cell line. These re-
sults suggest that UCN-01 sensitized the lymphoma to the cytotoxic effects of EP-
OCH, possibly by modulating the “threshold” for apoptosis, and may illustrate a
new paradigm for reversal of drug resistance.

Immunotoxins were also used in combination with other drugs. Anti-CD138 IT
B-B4-SO6 with doxorubicin were used as a combination therapy for the drug-re-
sistant multiple myeloma (MM)-derived cell line RPMI8226. The authors conclude
that combination of IT and chemotherapy could prevent drug resistance that arises
due to exposure to chemotherapy alone [73]. In another early study, the combination
of ricin conjugated IT targeting CD19 (anti-B4 blocked ricin) combined with drugs
like cisplatin, cyclophosphamide and etoposide showed long term cure in vivo in
SCID mice with disseminated tumors of the multidrug-resistant human B-cell lym-
phoma Namalwal/mdr-1 [74].

IT containing anti-melanoma antibody ZME-018 recognizing a 240-kDa surface
glycoprotein (gp 240) and the plant toxin gelonin was tested in resistant human
melanoma cells (A375-M). Combination with cisplatin, [FN-y, [FN-a, and etopo-
side were observed to enhance the cytotoxic effects of ZME-gelonin against resis-
tant cells [75]. Other combinations with GO include G-CSF that induced AML cells
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to enter G2/M and hypodiploid phase and Valproic acid, a histone deacetylase in-
hibitor [63]. As mentioned earlier, the combination of ABT-737 with immunotoxin
could enhance killing by 20-fold in resistant cell lines by neutralizing anti-apoptotic
proteins and by increasing the delivery of the immunotoxin from the ER to the
cytosol [26].

2.5.6 Nanotechnology

Nanotechnology holds great promise in establishing efficacious, innovative strat-
egies to overcome chemoresistance and may facilitate complementary treatment
methods and cancer diagnostics. Various nanomedical devices are being introduced
and evaluated, demonstrating encouraging results. While stealth liposomes serve as
a benchmark, astonishing progress is witnessed in polymeric nanovehicles. It can
be also combined with low molecular weight surfactants, inhibiting drug resistance
in addition to solubilizing drugs. A nanocrystalline silver particle (8 nm) modi-
fied with TAT (AgNP-TAT) was developed for MDR cancer cell treatment. The
antitumor activity was reported in both MDR cells and non- resistant cells [76].
AgNP-TAT showed significant enhancement in tumor cell killing, up to 24-fold
higher cytotoxic effect compared to its counter-part lacking the TAT conjugation.
AgNP-TAT NPs were able to effectively inhibit tumor growth in mice bearing ma-
lignant melanoma at a dose of 1 nmol/kg (compared with 4.3 umol/kg of DOX), and
showed significantly reduced adverse toxicity in vivo [77]. Various nanoparticle-
based approaches have been investigated to overcome efflux-mediated resistance.
These include the use of formulation excipients that inhibit transporter activity and
co-delivery of the anticancer drug with a specific inhibitor of transporter function
or expression [78].

2.5.7 Other Novel Strategies

Oncolytic viruses (OV) are promising anti-cancer agents, capable of selectively
targeting replication in tumor cells. Genetically modified oncolytic viruses (OVs)
kill tumor cells via completely unique mechanisms compared to small molecule
chemotherapeutics typically used in lung cancer treatment and can also be used
to deliver specific toxic, therapeutic or immunomodulatory genes to tumor cells.
Recent pre-clinical and clinical studies with oncolytic vaccine approaches have re-
vealed promising combination strategies that enhance oncolysis of tumor cells and
circumvent tumor resistance mechanisms [79]. Synergistic effects of therapy based
on combining OV and various cytostatics are in preclinical studies and have shown
promising results.

Over-expression of recombinant GlcCer synthase (GCS) confers resistance to
adriamycin and to ceramide in GlcCer synthase-transfected human breast cancer
cells, suggesting that drug resistance is related to stimulation of glycosylation of
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ceramide and the resultant inhibition of drug induced apoptotic signalling. Block-
ing glycosylation of ceramide has been shown to increase cancer cell sensitivity
to cytotoxic drugs. Drug combinations that enhance ceramide generation and limit
glycosylation have been shown to enhance effectiveness of chemotherapy by induc-
ing apoptosis in cancer cell models

Targeting intracellular compartments is another challenging approach. A particu-
larly interesting direction which shows promise for targeted anticancer nanomedi-
cine is the use of viral components against drug resistant cancer cells. Hence, newly
discovered anticancer- and antimetastatic drugs may be combined with a broad
spectrum of molecules which includes small-molecule inhibitors, interfering RNA
molecules, microRNA, oncolytic viruses, and also naturally occurring substances.
This combination with anti-inflammatory and adjuvant therapies seems to be a very
promising treatment approach [80].

2.6 Targeting Cancer Stem Cells

It is clear from various studies that cancer stem cells play a major role in resistance
against all kinds of therapy. Almost all the factors listed as responsible for resistance
in IT therapy are found to overlap in CSC’s. It is also quite evident that CSC’s are
not only responsible for resistance against chemo and radiotherapy but also against
IT therapy since they can use any of the following ways to handle IT’s conveniently:

i)  They can be protected from exposure to IT in their microenvironment
ii)  Efflux IT’s using membrane transporters,

iii) Utilize autophagy to degrade and get rid of recombinant IT’s,

iv) Use detoxification and repair pathways to circumvent the damage,

v) Recruit anti-apoptotic proteins to prevent apoptosis,

vi) Use alternative survival pathways to escape cell death and

vii) Remain quiescent with inactive cellular machinery.

Although the strategies mentioned earlier have been successful to some extent in
avoiding resistance, it is highly unlikely that these strategies alone would be com-
pletely effective in dealing resistance since the major contributor to resistance re-
mains hidden and active. Hence, currently several groups are studying the possibil-
ity of targeting CSC’s to destroy cancer permanently. The targets include proteins
involved in signaling pathways in CSC’s like WNT, NOTCH and Hedgehog path-
ways. drug transporters, CSC specific surface markers, ALDH, quiescence factors,
anti-apoptotic proteins and factors involved in the CSC niche [81, 82].

2.6.1 Targeting Signaling Pathways in CSC’s

Various modes of therapies are being investigated to kill CSC’s which that have
been summarized in the review by Han et al. [81]. Inhibition of the Hedgehog path-
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way with drugs like GDC-0449, LDE225 and GSIs like RO4929097 and MK-0752
have been used along with chemotherapy with paclitaxel, carboplatin, capecitabine,
cinblastine, gemcitabine and temozolo-mide [38]. The steroid-like compound, cy-
clopamine, was used to target SMO of hedgehog signaling that could eliminate
prostate cancer cells in mice xenograft tumors in vivo and was shown to be effec-
tive in killing CSC’s in glioma sphere cells. Arsenic trioxide (As203) inhibits the
glioma-associated oncogene homolog (Gli) and has been used in combination with
the SMO inhibitors cyclopamine and GDC-0449. (-)-epigallocatechin-3-gallate
(EGCGQG) with quercetin could inhibit self- renewal capacity in CSC’s by inhibiting
the sonic hedgehog (SHh) pathway.

Inhibition of the Notch signaling using the y-secretase inhibitor GSI-18 could
eliminate CD133 + medulloblastoma cells while MRK-003 was effective in killing
CSC’s in breast cancer. The Wnt signaling pathway has also been widely targeted
like cAMP response-element binding protein (CBP)/b-catenin antagonist ICG-001,
used to target leukemic stem cells [81]. Targeting mTOR involved in PI3/AKT us-
ing rapamycin could deplete leukemic stem cells [82]. The Notch signaling pathway
has been inhibited by several other groups using GSI, siRNA or antibody against the
Notch ligand, delta-like 4 ligand (DLL4), which either reduced the CSC population
or rendered the CSC’s susceptible to drug therapy [38]. Recent study have reported
that c-Met silencing could inhibit CSC’s in head and neck squamous carcinoma by
down regulation of the Wnt/B-catenin signaling [83].

NF-«kB is activated during lymphoid development and is used as a target in few
studies. Inhibition of NF-«kB activation using the proteasome inhibitors, bortezomib
or MG-132, and inhibition of kB kinase (IKK) by Parthenolide were used to target
AML stem cells. However, CML stem cells were resistant to ABL kinase inhibitors
imatinib and its derivative nilotinib [47].

2.6.2 Targeting Apoptosis and Cellular Repair Mechanisms
in CSC’s

Inducing apoptosis by MSC’s expressing TNF-related apoptosis-inducing factor
(TRAIL) along with mitoxantrone was effective in putative CSC’s. In our laborato-
ry, Madhumathi et al., (unpublished data) have successfully used TRAIL-based im-
munotoxins to induce apoptosis in CSC’s isolated from leukemic cell lines by cul-
turing cells in the presence of methotrexate. The Methotrexate resistant side popula-
tion was found to be enriched in the CSC population. Inducing apoptosis selectively
in CSC’s using IT’s conjugated with TRAIL, targeting different surface markers of
CSC’s has been a promising strategy used in our laboratory for all cancers.
Inhibition of ALDH activity using all-trans retinoic acid (ATRA), synthetic reti-
noids, disulfiram, 4- diethylaminobenzaldehyde (DEAB) or ALDH1A1 shRNA were
used in combination with chemotherapeutic drugs in various studies. Targeting ROS
scavengers by buthionine sulfoximine (BSO) reduced radioresistance in CSC’s by in-
hibiting glutamate-cysteine ligase [38]. Sorafenib and sulforaphane could be used to
inhibit ALDH]1 activity and thus was postulated as potential drugs for CSC’s [40].
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2.6.3 Targeting Autophagy and Microenvironment in CSC’s

Autophagy has been inhibited in another strategy of killing CSC’s using lysosomo-
tropic anti-malaria drug chloroquine/hydroxychloroquine. Targeting tumor micro-
environment or hypoxic niche by improving tumor oxygenation has also been tested
along with radio and chemotherapy. Inhibition of cytokine and chemokine receptors
like IL-8 receptor CXCR1 by antibody or by repertaxin was successful in reduc-
ing breast CSC’s. Inhibition of TGF-B/SMAD pathway also showed reduction in
CSC’s. Mab against VEGF, bevacizumab in mice glioma cell xenografts could de-
crease CD133+ cancer stem cells by anti-angiogenesis while treatment with IFN-a
alone could kill side population in ovarian cancer [82]. Quiescence of CSC’s has
been inhibited using Arsenic trioxide, G-CSF or IFN o as an alternative strategy
[48].

2.6.4 Targeting Membrane Transporters and CSC Surface
Markers

ABC transporters have been inhibited by drugs like phosphodiesterase-5 inhibi-
tors and fumitremorgin-type indolyl diketopiperazine, dofequidar fumarate, Ko143,
ABCG?2 siRNA, or ABCG2 inhibitor YHO-13351, in different types of cancers
which could be used to target CSC’s since they over-express these transporters [38].
The monoclonal antibody (Mab) H90 targeting CD44 could bind and kill leukemic
stem cells in AML in vivo. Since GO targets the CD33 receptors which are highly
expressed in CSC’s, it was presumed that the activity of GO could be due to killing
of CD33+ AML stem cells. Micro-RNAs have also been shown to be involved in
inhibiting CSC’s [84, 85]. Lentiviral-mediated shRNA was used to target the neu-
ronal cell surface adhesion molecule LICAM in CD133+ glioma stem cells [86].
Antibodies against other cell surface molecules like VLA-4 and CLL-1 (C-type
lectin-like molecule-1) are being evaluated as potential targets [47]. Immunotoxins
targeting CSC’s have been recently developed using ligands or antibodies that spe-
cifically bind CSC’s. IL3 conjugated with diphtheria toxin (DT), targeting CD123
receptor that is over-expressed in leukemic stem cells, has been used for AML [87].

2.7 Conclusion

It is evident from the factors involved in resistance, that CSC’s are the major con-
tributors of therapy resistance for all kinds of treatments—either conventional or
targeted therapies. Many mechanisms observed in immunotoxin resistance were
also identified as a major feature of CSC'’s like drug efflux, anti-apoptotic pathways,
lysosomal degradation, etc. Thus, it could be concluded that CSC’s are responsible
for resistance against all treatment modalities since they have innumerable ways to
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handle all kinds of stress. They have mechanisms to evade any attack in order to
survive in adverse conditions. Targeting two or three of these key survival strategies
together by means of combination therapies would be ideal in managing cancer in
the future, instead of targeting only one factor. Targeted therapy using immuno-
toxins should be combined with blocking other alternative survival pathways for
maximum efficacy in treatment.
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