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Chapter 2
Theranostic Approaches for Pathway-Activated 
Systems in Oncology

Lan V. Pham, Jerry L. Bryant, David Yang, and Richard J. Ford

Abstract  Theranostics is a novel concept that refers to the integration of diagnostics 
with therapeutics in order to generate personalized therapies and is emerging as a 
promising precise therapeutic paradigm. In oncology, the approach is aimed at more 
accurate diagnosis of cancer, optimization of patient selection to identify those most 
likely to benefit from a proposed specific therapy allowing the generation of effective 
therapeutics that enhance patient survival. Perhaps the most promising target to date 
for theranostics is the deregulation of cancer cell metabolism, involving the uptake of 
glucose and glutamate, two key nutrients that are necessary to convert into glucos-
amine to stimulate protein biosynthesis for the growth and survival of cancer cells. 
We have recently developed a novel technology whereby the chelator ethylenedicys-
teine (EC) conjugates with glucosamine to create a vehicle platform (ECG), which 
mimics N-acetylglucosamine (GlcNAc) that targets highly proliferative cancer cells. 
Moreover, ECG can be further conjugated to diagnostic/therapeutic metals (rhenium, 
Re, and platinum, Pt) that function as a new theranostic agent suitable for personal-
ized medicine, targeting key pathways in cancer cells such as highly metabolic dif-
fuse large B-cell lymphoma (DLBCL). This chapter summarizes key signaling 
pathways linked to dysregulated glucose metabolism in DLBCL and how deregu-
lated glucose metabolism can be utilized for developing innovative new technologies 
with theranostic applications to eradicate cancer.

2.1  �Diffuse Large B-Cell Lymphoma Pathophysiology

Malignant B-cell lymphoma represents a major health risk in the USA and world-
wide [1, 2]. Non-Hodgkin lymphomas (NHLs) are a common, accounting for about 
4% of all cancers, but heterogeneous group of human B lymphocytic neoplasms 
(NHL-B), that primarily arise (~85%) within the B-cell lineage of the immune 
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system. NHL-B represents the fifth most common cancer in the USA (~72,000 new 
cases/20,000 deaths) as reported in 2016 [3–5]. Notably, while diffuse large B-cell 
lymphoma (DLBCL) is the most common (30–40%) of histologically defined NHL-
B, it is also the most heterogeneous [6, 7].

As an aggressive, diverse group of lymphoid neoplasms, DLBCL is associated 
with constitutive activation of key NF-κB signaling pathways [8, 9], although other 
lymphoma histotypes like Hodgkin and MALT lymphomas may show different acti-
vation patterns, signaling proteins, and pathological variants in the canonical NF-κB 
pathway [10–12]. DLBCL has been extensively studied in recent years by various 
types of microarray gene analyses (supervised or unsupervised) [13, 14] and is con-
sidered to consist of at least three definable genetic “signatures” or occasionally 
overlapping subtypes, based on various methods of gene expression profiling [15, 
16]. Although these putative DLBCL subtypes appear valid, considerable pheno-
typic genotypic overlaps clearly occur [17]. The Rosenwald/Staudt group, for 
instance, has equated the expression of MUM1/IRF4 and CD138 immunologic 
markers with constitutive activation of the NF-κB1 pathway as a specific gene array 
“signature” that defines an activated B-cell type (ABC-like DLBCL). In contrast, 
the nonrandom t(14;18) bcl2 cytogenetic translocation, expressing germinal center 
(GC) markers bcl-6 and CD10, defines a GC B-cell subtype (GCB-like DLBCL) 
[18–20]. In the era that preceded the standard frontline combination chemotherapy 
rituximab, cyclophosphamide, hydroxydaunomycin, Oncovin, and prednisone 
(R-CHOP), these DLBCL subtypes were reported to have disparate clinical out-
comes with significantly different 5-year survival rates [21, 22], although better 
differential biomarkers are still needed.

Notably, studies on DLBCL-associated oncogenes have recently revealed new 
molecular insights regarding the role of bcl-6  in the pathogenesis of the GCB-
DLBCL. For instance, Dalla-Favera’s group has shown that bcl-6 gene expression 
is regulated through the CD40-NF-κB canonical signaling pathway. They have also 
shown that in GCB-DLBCL, CD40 appears to activate the transcriptional factor 
IRF4 (MUM1) gene through the p50/p65 members of canonical NF-κB pathway. 
Once activated IRF4 binds to the bcl-6 promoter and directly represses its transcrip-
tion [23]. This suggests that resistance to CD40-NF-κB-IRF4 signaling is an essen-
tial mechanism of bcl-6 deregulation in GCB-DLBCL. The data also suggest that 
while CD40-NF-κB pathway is active in GCB- and ABC-type DLBCL, activation 
occurs by different mechanisms [24, 25].

Moreover, several studies have examined the potential role(s) of TNFR and 
related signaling pathways on DLBCL growth and survival (G/S) [26, 27], whose 
mechanisms are also shared by normal B lymphocytes. However, the difference 
between normal and malignant cells is that these G/S signaling pathways are aber-
rantly dysregulated in the latter [28, 29], the hallmark of aggressive NHL-B patho-
genesis. These studies initially identified the CD40 signalosome, consisting of the 
TNFR, CD40, and its cognate ligand (CD40L, CD154) as constitutively expressed 
in DLBCL cell lines and primary lymphoma cells from patients, along with the 
signaling components (TRAFs 2,6: IKK complex, c-rel/p65) of the canonical 
NFkB1 pathway [30]. When the CD40 signalosome was disrupted by antibodies to 

L.V. Pham et al.

http://www.cancer.gov/about-cancer/treatment/drugs/rituximab
http://www.cancer.gov/about-cancer/treatment/drugs/cyclophosphamide
http://www.cancer.gov/about-cancer/treatment/drugs/prednisone


19

CD40 or CD154, the signalosome structure and NF-κB1 signaling pathway were 
interdicted, and cell death was induced through apoptosis [31–33]. Further studies 
on aberrant survival mechanisms in DLBCL led to the discovery of the role of 
another TNF superfamily member, the B-cell survival factor BLyS/BAFF, with con-
stitutive expression of their receptor BR3 in aggressive NHL-B (DLBCL and MCL). 
These studies further revealed that constitutively activated BLyS/BR3 receptor-
ligand interactions result in noncanonical (alternative) NF-κB2 pathway signaling, 
which in analogy to the CD40/CD154 cascade, the BLyS/BR3 signalosome pro-
vides a constitutive positive ligand-/receptor-mediated feedback to the NF-κB2 
pathway [31].

While earlier studies [33, 34] had also revealed that in addition to constitutive 
expression of the canonical NF-κB1 pathway, there is evidence that at least some 
members of the alternative NF-κB2 pathway (e.g., p52 and RelB) are also constitu-
tively activated and expressed in DLBCLs and other aggressive NHL-B (e.g., MCL) 
[34, 35]. A key study examined a series of validated tissue microarrays (TMA) in 
DLBCL (ABC and GCB types) cell lines and primary patient samples and found 
that both NF-κB1 and NF-κB2 signaling pathways were constitutively activated in 
both ABC and GCB subsets, but that the pattern of activation and NF-κB dimer 
utilization was characteristically different [36]. These studies suggest that multiple 
interactive cell signaling pathways, including both canonical and alternative variant 
“hybrid” NF-κB pathways [37–39], contribute to G/S regulatory mechanisms in 
DLBCLs. While the canonical/classical NF-κB1 pathway has been studied in many 
cell types [40, 41], the alternative NF-κB2 pathway has only recently begun to 
receive attention [31, 42, 43]. Most of these studies, however, have been mainly 
performed in genetically engineered mice, which basically provided a general out-
line of some of the regulatory interactions [44].

Examples of genetically altered murine models demonstrate that the alternative 
NF-κB pathway activation is controlled through a negative feedback mechanism 
involving increased protein levels of negative regulators of the adaptor proteins 
TRAF2/3, which inhibit the key upstream NF-κB2 kinase, NIK. Overexpression of 
wild-type NIK leads to B-cell hyperplasia caused by the amplification of BLyS-
induced alternative NF-κB signals. Interruption of the interaction between TRAF3 
and NIK induces constitutive BLyS-independent activation of the alternative path-
way and leads to a large accumulation of mature B cells in lymphoid organs and 
disruption of structural integrity. Other studies have proposed a model where inter-
actions between TRAF2 and TRAF3 constitutively block B-cell survival via the 
inhibition of activation of the alternative NF-κB2 pathway, suggesting a mechanism 
by which NIK accumulation is prevented, since NIK bears a TRAF3 interaction site 
that can result in NIK degradation by TRAF3 [45–48]. Interestingly, when BLyS 
occupies BR3, it sequesters TRAF3 and prevents interactions with TRAF2. This 
blocks TRAF3/2 interactions that would lead to greater NIK accumulation, subse-
quent NF-κB2 processing, and hence increased B-cell survival [49]. The results 
from these findings imply that deregulated NIK expression may contribute to B-cell 
malignancies, particularly aggressive lymphomagenesis, even if NIK protein 
remains undetectable at the protein level [50].

2  Theranostic Approaches for Pathway-Activated Systems in Oncology
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Moreover, there is compelling transgenic mouse model that obtained evidence of 
an important role of CD40 in B-cell lymphomagenesis, resulting from constitutively 
active CD40 receptor expression, which leads to B-cell-specific enforced activation 
of the noncanonical NF-κB pathway. Consistent with these findings, LMP1-/CD40-
expressing mice developed a high incidence of B-cell lymphomas, indicating that 
interactions of the signaling pathways induced by constitutive CD40 signaling are 
sufficient to initiate a neoplastic B-cell process, likely leading to the development of 
B-cell lymphomas.

On the other hand, the noncanonical NF-κB2 pathway has been occasionally 
implicated in B lymphoid malignancies associated to some cases of chromosomal 
abnormalities leading to the production of truncated p100 proteins with diminished 
NF-κB inhibitory ability [45–47]. For instance, two studies in primary multiple 
myeloma (MM) samples and cell lines exhibited genetic aberrations that affect 
mediators of NF-κB activation, mostly involving the alternative NF-κB2 pathway. 
The aberrations led to the absence of negative regulators of NF-κB, such as TRAF3, 
TRAF2, and c-IAP1/2, or to overexpression of NIK [51, 52]. These studies imply 
that deregulation of the TRAF3-NIK axis could also play an important role in B-cell 
lymphomagenesis [50]. Although the data further indicate that elevated canonical 
and noncanonical NF-κB activity by deregulation of NIK directly contributes to 
disease progression in primary MM, they also suggest that TRAF3 can function as 
an important suppressor of lymphoid neoplasia through the negative regulation of 
both the canonical and noncanonical NF-κB pathways [53, 54].

It must be noted that despite its B-cell lineage, MM cells represent a neoplasm 
mimicking plasma cells, which is quite different from DLBCL, although some 
plasmablastoid lymphomas can be quite plasmacytoid. In keeping with this 
notion, there is little information on the intrinsic nature of NF-κB2 pathway in 
DLBCL.  However, a report by Kim et  al. [55] demonstrated the activation of 
NF-κB2 components by BLyS in DLBCL subsets, while others have described the 
involvement of several oncogenes in DLBCL and identified NFAT expression as a 
candidate oncogene in the ABC subtype. Similarly, a variety of genetic abnormali-
ties were identified in DLBCL that were associated with either the ABC or GCB-
DLBCL subsets [56, 57].

Although deregulation of NF-κB signaling can be a key mediator of transcription 
factor (TF) heteromer formation, which targets NF-κB-regulated G/S genes in 
DLBCLs, other regulators like NFAT (distantly related to NF-κBs [58]) are known 
to be central for chromatin structural remodeling, which in turn actively modulates 
gene transcription. The NFAT family of proteins are also Ca2+-inducible transcrip-
tion factors that prominently stimulate the expression of a wide range of immune 
response genes in activated T cells [59]. However, we have shown that NFAT plays 
key regulatory roles in B lymphocytes, particularly in aggressive NHL-B [34, 60]. 
NFAT-dependent promoters and enhancers rapidly undergo extensive chromatin 
remodeling to form deoxyribonuclease I (DNAse 1)-hypersensitive sites (HSSs) 
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[61, 62]. NFAT is likely to be at least a driving force involved in chromatin remodeling, 
which has recently been described as a major NFAT function [63], since NFAT sites 
are necessary and sufficient to activate DNA-1-driven chromatin HSSs. Chromatin 
remodeling may well be a primary function of NFAT elements, since even high-
affinity NFAT binding to promoter targets results in relatively weak transcriptional 
activation without bonding between NFAT and transcription factor (TF) associates 
[64]. The activating protein 1 (AP-1) is the most common TF partner that is directly 
recruited by NFAT, at the HSS domains, and dimeric NFAT-AP-1 and DNA response 
elements are very efficient in removing nucleosomes [62]. NFAT-AP-1 complexes 
recruit both histone acetyltransferases (HATs) and the ATP-dependent SWI-SNF 
family of chromatin remodelers [65, 66], which together provide the necessary 
functional proteins required to modify and rearrange nucleosomes.

NFAT may also help to organize chromatin domains and enable enhancer-
promoter communication [67]. In activated T cells, inducible intrachromosomal 
looping occurs between the tumor necrosis factor (TNFα) gene promoter [68] and 
two NFAT-dependent enhancers located within 9 kb upstream (-) and 3 kb down-
stream (+) of the promoter region [69]. This topology places the TNF gene and the 
adjacent lymphotoxin (LT) genes in separate loops, thereby allowing independent 
regulation of the TNFα gene within multigene loci. This new data supports earlier 
studies proposing that NFAT functions through the disruption of nucleosomes 
within enhancers, mobilizing nucleosomes across extensive chromatin domains and 
linking enhancers and promoters. These studies identify NFAT as a factor that cre-
ates a chromatin environment, which is permissive for both the recruitment and 
aggregation of factors to coordinately control transcriptional processes at promoter 
and enhancer regions [70]. The specific role that NFAT plays in the multifaceted 
process of locus activation is still unclear, but its role as an effective orchestrator of 
essential steps in creating an accessible chromatin environment is compelling [63].

NFAT functions have recently also been linked to tumor immunity [71, 72] that 
includes the development of T-cell dysfunctions such as CD4+ T-cell anergy [73] 
and CD8+ T-cell exhaustion, which occur in a variety of cancers [74]. It is conceiv-
able that NFAT regulates PD-1 expression in anergic T cells [75], and thus, the 
inhibition of NFAT or the kinase-regulating NFAT pathway would enhance T-cell 
function [76, 77]. These findings support the premise that targeting NFAT pathway 
in cancer patients could lead to tumor cell killing, either directly by abrogating 
NFAT-dependent cell survival or indirectly by blocking T-cell activation. Consistent 
with this hypothesis, a recent study by Ron Levy’s group [78] demonstrated that a 
combination treatment with anti-PD-L1 antibodies and ibrutinib, a Bruton’s tyro-
sine kinase (BTK) inhibitor, leads impressive antitumor effects in animal lymphoma 
models, as well as in breast and colon cancer models. Their findings lead to the 
speculation that ibrutinib concomitantly targets BTK and interleukin-2-inducible 
kinase (ITK) to inhibit NFAT activation and thus could play a key role in T-cell-
mediated therapies [79].
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2.2  �Linking Deregulated Signaling Pathways to Cancer Cell 
Metabolism in DLBCL

Thioredoxin (TRX) is an integral antioxidant system, which maintains the intracel-
lular redox state and hence a strong candidate to coordinately target a family of 
proteins to restore sensitivity to chemotherapy [80]. One family member is thiore-
doxin-1 (TRX-1), a low-molecular-weight (10–12,000) cellular redox protein, 
which is present in the nucleus and cytoplasm to regulate the activity of various 
enzymes, including those that counteract oxidative stress within the cell [81]. 
Intracellular TRX-1 exerts most of its antioxidant properties through scavenging of 
reactive oxygen species (ROS). Moreover, it plays an important role in the regula-
tion of redox-sensitive transcription factors [82] and acts as a proto-oncogene that 
stimulates tumor growth and inhibits both programmed and drug-induced cell death 
[83]. Its increased expression is associated with enhanced HIF-1α (hypoxia-induced 
factor 11α) levels and transactivation in cancer cells [84], which result in high pro-
duction of vascular endothelial growth factor (VEGF) and enhanced tumor angio-
genesis [85]. Additionally, its overexpression has been correlated with aggressive 
tumor growth, poorer prognosis, and shortened patient survival [86].

TRX-1 appears to have an important role in maintaining the transformed pheno-
type of some human cancers as well as their resistance to chemotherapeutic drugs. 
These functions make it a rational target for cancer drug development, and recent 
experiments support such potential. To that end, the Leukemia/Lymphoma 
Molecular Profiling Project (LLMPP) used a microarray technology to define a 
molecular profile for each of 240 patients with DLBCL and developed a molecular 
outcome predictor score that accurately determines patient survival. The study 
found that DLBCL patients with the worst prognosis, according to the outcome 
predictor score, had decreased expression of TXNIP, a protein that naturally inhibits 
TRX-1 activity [87]. However, these studies had little or no follow-up on the patho-
physiologic impact of TRX-1- and TXNIP-controlled reduction-oxidation (redox) 
state in B-cell lymphomas.

TXNIP is known to regulate the cellular redox state by binding to and inhibiting 
thioredoxin in a redox-dependent fashion [88]. Recent studies, however, demon-
strated that TXNIP is also a potent negative regulator of glucose uptake [89, 90]. In 
response to glucose uptake, cells activate a key TF complex that includes the Mondo 
member A and the Max-like protein (MondoA:Mix), which then enters the nucleus, 
binds the TXNIP promoter, and upregulates TXNIP gene transcription. How TXNIP 
blocks glucose uptake is not completely clear, but maintenance of energy homeosta-
sis is clearly regulated through TXNIP. Furthermore, conventional TXNIP-deficient 
mice revealed that mitochondria were functionally and structurally altered, leading 
to reduced oxygen consumption and enhanced anaerobic glycolysis [91, 92]. On the 
other hand, tissue-specific knockout mice showed that TXNIP is essential for main-
taining hematopoietic stem cell (HSC) quiescence and homeostatic interactions 
between HSCs and the bone marrow niche. In addition, targeted deletion of TXNIP 
causes cardiac dysfunction in response to pressure overload, primarily due to the 

L.V. Pham et al.



23

dysregulation of mitochondria, which switches from oxidative phosphorylation to 
anaerobic glycolysis [92].

Notably, the energy homeostasis is defective in cancer since the TXNIP gene is 
repressed in many tumors by posttranscriptional and translational mechanisms [91]. 
These collective data indicate that active glucose metabolism together with acti-
vated TRX-1 plays a key role in the pathophysiology of DLBCL.  Since TXNIP 
controls both redox and glucose levels in cancer, its expression could be a promi-
nent target for the therapy of DLBCL. In agreement with this hypothesis, it has been 
previously shown that epigenetic histone deacetylase (HDAC) inhibitors like vori-
nostat and histone methyltransferase inhibitors like 3-deazaneplanocin A (DZNep) 
can reactivate TXNIP gene expression and inhibit TRX-1 in cancer cells [93, 94]. 
Of note, one of the main functions of DZNep is to disrupt the polycomb-repressive 
complex 2 (PRC2) by inhibiting the enhancer of the zeste homolog 2 (EZH2) pro-
tein [95]. EZH2 is the catalytic subunit of PRC2, which is a highly conserved his-
tone methyltransferase that targets lysine-27 of histone H3 [96]. This methylated 
H3-K27 chromatin site is commonly associated with the silencing of differentiation 
genes in organisms ranging from plants to humans. Studies in human tumors have 
shown that EZH2 is frequently overexpressed in a wide variety of malignant tissues, 
including lymphomas [97]. Although the mechanistic contribution of EZH2 to can-
cer progression is not yet determined, functional links between EZH2-mediated 
histone methylation and histone acetylation suggest a partnership with the gene-
silencing machinery implicated in tumor suppressor loss. Of particular pertinent are 
key studies using whole-genome sequencing in primary DLBCL, which identified 
frequently recurrent somatic heterozygous mutations in the EZH2 locus [98, 99]. 
The EZH2 mutations usually result in a gene gain-of-function that acts dominantly 
to increase histone methylation, particularly histone H3 Lys-27-trimethylation 
(H3K27me3) [100]. Taken together, these data suggest that epigenetic repression of 
TXNIP by the PCR2-EZH2 complex is involved in the TRX-1 gene-dependent 
hyperactivation of glucose metabolism in DLBCL and that targeting this pathway 
by small-molecule inhibitors has significant potential to reverse the resistance of 
DLBCL to chemotherapy [101].

On a different front, the c-myc proto-oncogene has also been shown to be 
involved in controlling key metabolic pathways in cancer [102, 103]. For instance, 
MYC overexpression has been recognized in aggressive B-cell lymphomas, primar-
ily due to chromosomal translocations, which inevitably bear an adverse prognosis 
[104]. The MYC transcriptional network has been also shown to include noncoding 
microRNA (miRNA) regulators, such as miR-101 and miR-26a, which are linked to 
the epigenetic control of EZH2 metabolic pathways [105–107]. Previous studies 
have shown that MYC is transcriptionally regulated by chromatin enhancer func-
tions, which involve the transcription factors NFATc1, NF-κB, and STAT3 [108], 
underscoring the impact of genetic and/or epigenetic dysregulation of these meta-
bolic pathways in DLBCL (Diagram 2.1).

The incidence of DLBCL has been rising in recent decades, a situation that 
underscores the need to improve therapy with greater efficacy and fewer adverse 
effects. The fundamental problem is that while standard frontline combination 
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chemotherapy of DLBCL with rituximab, cyclophosphamide, hydroxydaunomycin, 
Oncovin, and prednisone (R-CHOP) achieves lasting therapeutic remissions, it does 
not usually lead to complete cure. Furthermore, the adverse effects are too toxic for 
many older patients and pose long-term risks for younger patients. The development 
of new, affordable, effective, and low-toxicity frontline regimens against DLBCL, 
which target specific pathways, is feasible but will take many years to achieve and 
may still be suboptimal if pursued by conventional means.

Diagram 2.1  Epigenetic dysregulation of the metabolic signaling pathways that control cell 
growth, survival, and chemoresistance mechanisms in DLBCL. Our previous studies have shown 
that deregulated NF-kB, NFAT, and STAT3 signaling pathways alter the expression of MYC, a key 
oncogene in DLBCL that is frequently amplified as a result of chromosomal translocations. MYC 
has recently been shown to negatively regulate miR-101 and miR-26a, which are known to sup-
press EZH2 expression. Our model hypothesizes that deregulation of EZH2 leads to the epigenetic 
silencing of the thioredoxin-interacting protein (TXNIP), a key negative regulator of thioredoxin, 
glucose metabolism, and bcl-6. The result is the hyperactivation of thioredoxin, glucose metabo-
lism, as well as bcl-6, which are highly activated in some DLBCL, which causes uncontrolled 
tumor cell growth survival, and chemoresistance, a hallmark of lymphomagenesis. Hence, these 
pathways are rational targets for the design and application of innovative therapies, including ther-
anostic approaches, to specifically reverse the resistance of DLBCL to chemotherapy
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2.3  �Deregulated Glycolytic Pathway in DLBCL 
by Monitoring Through Nuclear Imaging

The energy consumed by the cells in the form of adenosine triphosphate (ATP) is 
generated from two main sources, glycolysis and the tricarboxylic acid (TCA) or 
Krebs cycle, which are required for normal and malignant cell proliferation and 
survival. The Warburg effect describes a mechanism by which most cancer cells 
consume glucose to be converted into ATP via aerobic glycolysis. DLBCL is known 
to be an aggressive disease, which exhibits high cell proliferation and glucose 
metabolism rates and influences the response to therapy. As a result of avid glucose 
consumption, DLBCL cells show higher uptake of fluorine-18F-deoxyglucose 
(18FDG) by positron-emission tomography (PET) than any other B-cell 
NHL. Moreover, recent studies link the increased glucose transporter type 1, 2, and 
3 (Glut1, 2, and 3) expression and hexokinase II (HKII) activity to the pathogenesis 
of many hematological malignancies. In support of those studies, we have also 
found that aggressive B-cell lymphomas express high Glut1, Glut3, and HKII in 
DLBCL cell lines and primary tumor cells from patients (Fig. 2.1). Several onco-
genes and signaling pathways have been implicated in the regulation of cancer cell 
glycolysis, particularly in DLBCL (Diagram 2.1).

2.4  �Cancer Metabolism and Theranostic Approaches 
in DLBCL

Theranostics is a novel concept that refers to the integration of imaging diagnostics 
and therapy, which is emerging as a promising therapeutic paradigm [109]. It is an 
evolving field related to but different from traditional imaging and therapeutics. It 
embraces multiple techniques to arrive at in vivo molecular imaging, comprehen-
sive diagnostics, and a personalized treatment regimen. Over the past decade, tre-
mendous effort has been put forth to design and develop methods to produce highly 
efficient delivery vehicles for theranostic approaches. Liposomes, polymeric 
nanoparticles (including gold and other metals), dendrimers, carbon nanotubes, and 
quantum dots are examples of nano-formulations that can be used as multifunc-
tional platforms for cancer theranostics [110]. However, these platforms have their 
limitations, and they have not been thoroughly developed for effective clinical utili-
zation (Fig. 2.2).

In keeping with the unique features of the previously discussed pathways, the 
most promising target for personalized theranostics is targeting glucose metabolism 
of cancer cells because unlike normal cells, they metabolize glucose by aerobic 
glycolysis. Briefly, aerobic glycolysis, also known as the Warburg effect, is charac-
terized by increased glycolysis and lactate production [111], which is often accom-
panied by increased cellular glucose uptake. Notably, glucose uptake can be imaged 
in patient tumors by 18FDG-PET [112, 113]. 18FDG-PET is used clinically as a 
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Fig. 2.1  Overexpression of glycolytic pathway proteins in DLBCL. (a) Purified whole cell extracts 
from normal B lymphocytes obtained from five healthy donors and representative DLBCL cell 
lines were subjected to Western blot for Glut1, Glut2, HK2, and actin (loading control). (b) HK2 
protein expression level in DLBCL cells was compared to normal B lymphocytes. Quantitatively, 
HK2 protein expression in DLBCL is significantly higher, approximately fourfold higher, in nor-
mal B lymphocytes. (c) Tissue microarray (TMA) analysis of HK2 protein expression in 93 cases 
of primary DLBCL tissue. (d) Table showing the summary of the HK2 expression, low (11%), 
intermediate (43%), and high (46%) in the TMA
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staging tool for diverse types of cancers, including DLBCL [114, 115], and experi-
mental PET tracer probes can distinguish cancer cells from normal cells on the basis 
of increased glucose metabolism. In addition, positive images of residual 18FDG 
after therapy are predictive of a poor prognosis and survival of patients with refrac-
tory aggressive lymphomas [116, 117]. Initial reports suggested that 18FDG-PET/
computed tomography (CT) scans, performed early during treatment (interim PET) 
after 2–4 courses of CHOP chemotherapy in aggressive B-cell lymphoma (DLBCL 
in particular), could identify patients who were likely to relapse (Fig. 2.1) [117–
119]. However, there are conflicting data on the PET/CT scans performed before 
treatment (initial PET) in lymphoma patients [120]. On the other hand and irrespec-
tive of the interim PET results, the studies indicated that such imaging modalities 
could swiftly identify lymphoma patients who were likely to respond poorly to 
induction therapy or frontline treatment, which would prompt an indication for a 
shift to either intensified regimens or a theranostic approach. Importantly, cancer 
cells not only consume glucose but also large amounts of glutamine, a key amino 
acid involved in tumor protein synthesis [121, 122]. Among its various roles, gluta-
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mine is a precursor amino acid, which in combination with high glucose levels initi-
ates the hexosamine biosynthetic pathway to synthesize glucosamine [123]. Briefly, 
fructose-6-phosphate from the glycolytic pathway combines with glutamine in the 
presence of the initiating enzyme glutamine:fructose-6-phosphate transferase 
(GFAT) to synthesize glucosamine-6-phosphate. A series of subsequent enzymatic 
steps lead to the production of uridine diphosphate-N-acetylglucosamine (UDP-
GlcNAc), a substrate for O-linked glycosylation that is regulated by the terminating 
enzyme O-linked GlcNAc transferase (OGT). OGT is the enzyme responsible for 
the addition of a single N-acetylglucosamine (GlcNAc) residue to the hydroxyl 
groups of serine and/or threonine residues of target proteins. The hexosamine sig-
naling pathway terminating in O-linked GlcNAc (O-GlcNAc) cycling has been 
implicated in cellular signaling cascades and regulation of transcription factors 
involved in cancer biology [124–127]. The biological relevance of the hexosamine 
biosynthetic signaling pathway has not been completely elucidated, and hence, 
assessing the impact of altered O-GlcNAc metabolism in tumors such as DLBCL 
would be useful to determine whether the pathway is a relevant target for the design 
of personalized theranostics. Analogous to glucose, GlcNAc can be taken up by the 
cellular glucose transporters [128, 129] and can replace glucose in glucose-depleted 
cancer cells [130], which supports its relevance as a theranostic probe.

2.5  �Development of Targeted Molecule ECG that Mimics 
GlcNAc for Theranostic Approaches

We have devised a metabolic agent that mimics GlcNAc by conjugating the chelator 
ethylenedicysteine (EC) to two molecules of D-glucosamine [131]. The end result 
is ECG, a metabolic agent containing two molecules of GlcNAc. At the core of ECG 
is the chelator, which can bind to diagnostic/therapeutic metals, which can then 
trace and kill cancer cells (Diagram 2.2).

In terms of diagnostic imaging, the technetium-99m-based 99mTc-ECG radio-
pharmaceutical has been shown to be an effective imaging agent for various types 
of cancers in both rodents and humans [131, 132]. The biopharmaceutical company 
Cell>Point is currently sponsoring Phase III clinical trials for its first 99mTc-ECG 
product for diagnostic imaging in oncology. The multicenter clinical trial is compar-
ing 99mTc-ECG/single-photon emission CT (SPECT) imaging with FDG-PET imag-
ing to assess and stage patients with non-small cell lung cancer. Remarkably, the 
Phase I/II results indicate that 99mTc-ECG/SPECT has a higher specificity than 
18FDG-PET imaging for detecting tumor metastasis and differentiating between 
inflammation/infection and tumor recurrence [132]. Following this trial, Cell>Point 
(Centennial, CO) plans to sponsor Phase IV clinical trials to evaluate 99mTc-ECG in 
non-Hodgkin lymphoma (Diagram 2.2) and other types of cancer, for the diagnosis 
and staging of the disease process. Unlike FDG, ECG is not taken up into the brain 
or inflammatory/infection tissues and therefore has a lower false-positive rate in 
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cancer diagnosis. More importantly, ECG has little or no toxicity to normal tissues 
in the human body, suggesting that ECG is an excellent vehicle to deliver therapeutic 
metals to cancer cells. The current interest is to integrate ECG imaging function to 
its therapeutic potential in a theranostic approach to treat refractory DLBCL and 
highly metabolic cancers.

To date, platinum-based drugs like cisplatin remain one of the most effective 
classes of chemotherapeutic agents in clinical use. However, the clinical use of cis-
platin is quite limited by dose-dependent adverse effects. More effort should be 
directed to combat the severe systemic toxicity of traditional platinum anticancer 
agents by designing therapy systems that exclusively deliver platinum or other 
metallic complexes to tumor cells. To that end, we have chosen two cold metallic 
agents, rhenium 187 (Re) and a cis-platinum derivative (Pt), for conjugation with 
our metabolic agent ECG (see Diagram 2.1). We have tested the feasibility of the 
metal-ECG conjugation technology and the specific targeting of glucose and gluta-
mine metabolism as a novel theranostic approach in refractory DLBCL (Fig. 2.3) 
(Diagram 2.3) [133].

Diagram 2.2  Synthesis of metalic ECG. D-glucosamine hydrochloride salt was added to ethyl-
enedicysteine, giving rise to ethylenedicysteine with two sugar moiety similar to N-Acetyl-
Glucosamine on both sides. The core of ECG is the chelator that binds to diagnostic (99mTc, 68Ga, 
and Gd) or Therapeutic (187Re or 188Re and Cis-Pt) metals
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Fig. 2.3  Effect of metallic Re-ECG in DLBCL. (a) In vitro viability assays were assessed in 14 
representative DLBCL cell lines treated with increasing concentration of Re-ECG. (b) 
Representative DLBCL cell lines sensitive to Re-ECG or less sensitive to Re-ECG. (c) DLBCL 
cell lines that are sensitive to Re-ECG are highly proliferative in comparison to DLBCL cell lines 
that are less sensitive to Re-ECG. (d) Cellular uptake of Re-ECG is more significant in DLBCL 
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Fig. 2.3  (continued) cells that are sensitive to Re-ECG (LY-10) in comparison to less sensitive 
cells (MS). (e) Western blot analysis showing Re-ECG inducing the DNA damage marker pH2AX 
in two representative DLBCL cell lines. (f) Confocal microscopy analysis showing the induction 
of the DNA damage marker pH2AX in OCI-LY10 cells treated with Re-ECG. (g) Cellular damage 
by measuring DNA activity with increasing platinum-ECG concentrations. (h) Western blot analy-
sis showing platinum-ECG inducing the DNA damage marker pH2AX in two representative 
DLBCL cell lines
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2.6  �Theranostic Potential of Metallic ECG in DLBCL

Our model proposes that key growth/survival transcription factors (NFATc1 and p65) 
in DLBCL, which are activated by upstream signaling pathways, are also regulated 
by glucose metabolism through the O-linked GlcNAc/hexosamine biosynthetic 
pathway (Diagram 2.4). Fluxes through the hexosamine biosynthetic pathway 
involve interaction between the substrate of the glycolytic pathway (fructose-6-
phosphate) and glutamine, which in the presence of the initiating enzyme GFAT 
synthesizes glucosamine-6-phosphate. A series of subsequent enzymatic steps 
leads to production of UDP-GlcNAc, a substrate for O-linked glycosylation that is 
regulated by the terminating enzyme OGT. OGT is the enzyme responsible for the 
addition of a single GlcNAc to the hydroxyl groups of serine and/or threonine 
residues of target proteins. The metabolic agent ECG mimics GlcNAc and can be 
taken up easily by cancer cells through glucose transporters and hexosamine path-
way; it enters the nucleus via “piggybacking” with OGT-modified nuclear proteins. 
We propose that increased fluxes through the hexosamine biosynthetic pathway 
accordingly yield elevations in O-GlcNAcylation status in DLBCL, constituting a 
new pathophysiologic process in the regulation and activation of key transcription 
factors that control growth/survival mechanisms. ECG, when conjugated to metallic 
agents, could be a promising theranostic agent, for treating as well as imaging 
patients’ tumors.

Diagram 2.3  99mTc-ECG vs. FDG monitoring during the course of therapy in a lymphoma patient. 
In FDG-PET images, the lesion appears enlarged and fuzzy because of inflammation caused by 
chemotherapy, while the lesion appears its actual size and has clearer outlines on 99mTc-ECG-
SPECT/CT
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2.7  �Concluding Remarks

Molecular imaging in oncology has focused on the identification of tumor-specific 
markers and the application of these markers to evaluate patient response to radiation 
therapy, chemotherapy, or chemoradiotherapy. The main application of molecular 
imaging that dominates until now has been the modality known as 18PET/CT, which 
is intended to help in the evaluation and management of drug dosage for safety and 
effectiveness. However, 18PET/CT has fallen short to its premise mostly because of 
the limitations of the tracer drugs to monitor treatment over the course of treatment. 
More importantly, the radiotracer should have the ability to assess, noninvasively, 
disease treatment endpoints, which up to now, almost exclusively, rely on the histo-
pathological diagnosis of biopsies because of the inflammatory process after 

Diagram 2.4  Glucose Metabolism and the Hexosamine Biosynthetic Pathway Link to Key 
Growth/Survival Signaling Pathways in DLBCL. This diagram depicts the connection between 
key growth/survial signaling pathways to the metabolic pathway in DLBCL. The hexosamine bio-
synthetic pathway give rises to UDP-GlcNAC, which is equivelent to ECG, that modifies key 
transcription factors, such as NFATc1 and NF-kBp65, allowing these transcription factors to 
migrate to the nucleus and bind to DNA

2  Theranostic Approaches for Pathway-Activated Systems in Oncology



34

treatments. In order to develop personalized therapies to achieve optimal diagnosis 
and early cure, the objective is to design metal-based molecular imaging radiotracers 
that can image the entire repertoire of metabolically active carbohydrate/sugar sub-
strates (glycome). Chelator-based imaging technology is the cornerstone for ther-
anostic applications, which aim to enable the assessment of target therapies and 
patient selection. For example, L,L-ethylenedicysteine (EC) is a family of bis-amino-
ethanethiol (BAT) tetradentate ligands that are known to form stable 99mTc(V)O com-
plexes in which an oxotechnetium core is bound to the thiol-sulfur and the 
amine-nitrogen atoms. One metal which is being used for detecting cancer which is 
relatively inexpensive has a long half-life, is easily accessible, and has strong 99mTc 
which has a complexing property of such N2S2-tetraligand systems that can form 
label protein linkage or peptide linkage. It has been found that EC is a unique chela-
tor because EC has the potential to be involved in signature pathway events. It’s been 
observed that EC-homing conjugates are able to mimic pathways and monitor 
changes in the target expression from pre- to posttreatment. Moreover, target-specific 
biomarkers that are designed as a universal imaging tracer probe, such as ECG, can 
assess GP, HBP, and broad glycome status from broad to a specific transitional appli-
cation in cancer and other metabolic diseases; it is conceivable that the knowledge 
gained will be helpful to optimize therapies against these disorders.

The imaging agent 99mTc-ECG is already in clinical trials for various cancers and 
has shown great potential to become the next-generation theranostic imaging agents. 
The premise of therapeutic and diagnostic capabilities of 99mTc-ECG imaging for 
refractory DLBCL and other types of metabolically active cancers is already in 
prime time. Such an important approach should have great potential for clinically 
translatable advances that can have a positive impact on the overall diagnostic and 
therapeutic process, which will also enhance the quality of life for cancer patients 
and other diseases of patients.
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