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Abstract

Lymphoma is a complex disease that arises from cells of the immune system with an intricate
pathology. While lymphoma may be classified as Hodgkin or non-Hodgkin, each type of tumor is
genetically and phenotypically different and highly invasive tissue biopsies are the only method to
investigate these differences. Noninvasive imaging strategies, such as immunoPET, can provide a
vital insight into disease staging, monitoring treatment response in patients, and dose planning in
radioimmunotherapy. ImmunoPET imaging with radiolabeled antibody-based tracers may also
assist physicians in optimizing treatment strategies and enhancing patient stratification. Currently,
there are two common biomarkers for molecular imaging of lymphoma, CD20 and CD30, both of
which have been considered for investigation in preclinical imaging studies. In this review, we
examine the current status of both preclinical and clinical imaging of lymphoma using
radiolabeled antibodies. Additionally, we briefly investigate the role of radiolabeled antibodies in
lymphoma therapy. As radiolabeled antibodies play critical roles in both imaging and therapy of
lymphoma, the development of novel antibodies and the discovery of new biomarkers may greatly
affect lymphoma imaging and therapy in the future.
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Introduction

Lymphoma is an umbrella term that encompasses a large group of cancers that often arise
from the lymph nodes [1]. In the nodes, lymphocytes undergo mutations or changes that
result in uncontrollable cell proliferation, ultimately leading to tumorigenesis. While the
cause of lymphoma remains unknown, certain individuals are more susceptible to
developing the disease, including HIV-positive patients and people infected with several
other viruses or bacteria including Helicobacter pylori, Epstein-Barr virus, and human T-
lymphotropic virus [2]. Also, some studies have suggested a genetic link or familial
connection in lymphoma development [3]. The classification of lymphoma is complex, yet
can be divided into two general categories, including non-Hodgkin lymphoma (NHL) and
Hodgkin lymphoma (HL). However, these two categories can be further organized into more
than 30 types of NHL and five types of HL, which are outlined in Table 1. For more
information on the types of lymphoma, readers are directed to excellent review articles on
this topic [4-7]. When caught early, lymphoma is highly treatable and often curable. For this
reason, novel tools for diagnostic imaging and therapeutic monitoring can provide insight
into early disease detection, development of new and existing treatment regimens, and
potential patient stratification.

Treatment of lymphoma is dependent upon several factors, including the classification,
disease grade, biomarker expression, and general health of the patient [8]. Therapeutic
intervention may consist of chemotherapy, radiation therapy, and immunotherapies,
radioimmunotherapy (RIT), interleukin-2 and vaccines; and stem cell transplants and
surgical intervention may be viable options in patients with recurrent disease (Fig. 1). For
NHL, CHOP-R (cyclophosphamide, doxorubicin, vincristine and prednisone in combination
with rituximab) is standard first-line therapy in Europe [9, 10]. There are several other
chemotherapy regimens that have been used successfully for treating lymphoma. In patients
with larger lymph nodes or localized disease, external beam radiation therapy is a viable
treatment option [11]. Another treatment option is immunotherapy, which utilizes a patient’s
own immune system to combat cancer by producing an adaptive immune response to the
tumor cells [12]. Recently, Zappasodi et al. provided a detailed review of the current status
of lymphoma immunotherapy [13]. As an alternative approach for highly recurrent or
progressive disease, stem cell or bone marrow transplantation may be performed, yet
transplants are risky with 1-year mortality rates between 40 % and 50 % [14].

The clinical manifestations of lymphoma vary among patients depending on the organs
affected by the disease, the speed of tumor growth, and the location of lymphomatous cells
[15]. Patients commonly present with peripheral swollen lymph nodes in the neck, groin, or
underarms [16]. Patients with intermediate or high-grade lymphoma may experience other
systemic symptoms, including high-grade fevers, night sweats, weight loss, and fatigue [17-
19]. Diagnosing lymphoma relies upon the expertise of internal medicine physicians,
oncologists, and pathologists. While molecular imaging strategies make it possible to image
lymphoma noninvasively, tissue biopsies are the only definitive method for diagnosing HL
and NHL [20]. In addition to biopsies, flow cytometry and bone marrow aspiration may be
used to help detect lymphoma [21, 22]. Upon diagnosis of lymphoma, patients will undergo
a series of medical tests to examine further the specific disease, which may include
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immunohistochemistry, cytogenetic analysis, immunophenotyping, and fluorescence in situ
hybridization [23-25].

Currently, positron emission tomography (PET) imaging plays a pivotal role in staging of
lymphoma in patients, helping physicians to determine the most efficient treatment options
while minimizing potential toxicities. Single photon emission computed tomography
(SPECT) imaging with 87Ga was traditionally employed for evaluating lymphoma, yet this
tracer has been widely replaced by 18F-FDG (or FDG) [26]. While FDG is an effective PET
tracer that enables the detection of most malignancies, it is limited by nonspecific uptake in
nonmalignant tissues (e.g. inflammatory tissues). Also, FDG provides no phenotypic
information about the tumor; thus, highly invasive tissue biopsies are required to determine
the tumor phenotype, which guides the choice of therapy in a particular patient. As a means
to compensate for the limitations of FDG PET, immunoPET imaging has been evaluated for
preclinical imaging of lymphoma. By utilizing the high specificity and avidity of antibodies,
antibody-based imaging agents can allow effective visualization of lymphoma in vivo.
ImmunoPET imaging has become a vital part of preclinical research, as it allows researchers
to investigate the unique phenotype of tumors, which may augment the diagnosis,
therapeutic intervention strategies, and monitoring of therapeutic response in patients with
lymphoma [27].

This review examines the current status of immunoPET imaging for lymphoma, including
both preclinical and clinical imaging research. In the next section we provide a historical
overview and discuss the current status of clinical lymphoma. We then provide a thorough
investigation into the preclinical imaging of lymphoma, offering an insight into the various
preclinical mouse models of lymphoma available for imaging-related studies, the two
biomarkers commonly used for preclinical immunoPET imaging of lymphoma (CD20 and
CD30), and the application of immunoPET agents for imaging lymphoma in patients. As
radiolabeled antibodies play a vital role in lymphoma treatment, this topic is also briefly
examined. Lastly, we discuss potential pitfalls and improvements that may be addressed to
advance the clinical translation of radiolabeled antibodies for imaging of lymphoma in the
future.

Clinical imaging of lymphoma: historical overview and current status

Since lymphoma elicits few symptoms in patients, diagnosing the disease can be difficult.
Noninvasive imaging modalities can be used to screen patients with suspected lymphoma.
Clinical imaging of lymphoma provides the necessary information to stage the disease and
monitor treatment response. Before the advent of FDG PET, computerized axial tomography
(CT) was the sole imaging modality used for evaluating lymphoma in patients. While the
disease can be staged in most patients, the low specificity of CT inhibits the detection of
cancer in lymph nodes of normal size. In addition, CT cannot distinguish between tumor and
fibrotic tissue induced by anticancer treatment. Multidetector-row CT, that was introduced in
the late 1990s, can image thinner slices of tissue rapidly, allowing the detection of lymph
nodes <5 mm in size, while also minimizing breathing artifacts [28]. Currently,
multidetector-row CT scanners with at least four sections are used for staging of malignant
lymphoma in patients after injection of iodinated contrast medium. Despite significant
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improvements in CT, this imaging modality is limited by its low specificity, the requirement
for ionizing radiation exposure, the possible elicitation of an allergic reaction to the
iodinated contrast agent, and the fact that it does not provide any functional or metabolic
information about the tumor [29-32].

In the past, the standard tracer for imaging lymphoma was 87Ga citrate. The first use of 6Ga
for lymphoma imaging was reported in 1969 [33-35]. In clinical trials, 67Ga citrate yielded
an overall accuracy of 83 % in the detection of both HL and NHL by scintigraphy [36]. ’Ga
citrate localizes in the tumor through targeting of transferrin-binding receptors upregulated
on tumor cells [37]. Although it is an effective tracer, the ability of 67Ga to detect
malignancies below the diaphragm is limited by its hepatic clearance [38]. In addition, the
tracer displays low specificity, accumulating in both malignant and inflammatory tissues
[39]. In combination with SPECT, 67Ga citrate can detect 93 % of lymphoma tumors in
patients [40]. The clinical availability of hybrid imaging modalities, combining CT with
SPECT(SPECT/CT) or PET (PET/CT), have significantly improved the diagnosis of many
cancers, including lymphoma [41]; yet, imaging with 87Ga citrate has been widely replaced
by FDG PET imaging, which has fast acquisition times with high spatial resolution [42].

In 1987, the first study was published investigating the clinical use of FDG PET for imaging
of lymphoma [43], and by the late 1990s 18F-FDG had been extensively evaluated for the
staging of lymphoma [44]. In comparisons of FDG PET and %7Ga scintigraphy in the
imaging of both HL and NHL, FDG PET consistently showed higher sensitivity than 6Ga
scintigraphy [45-48]. In the late 1980s, the uptake of these two tracers was compared in five
patients with NHL (the scans in two of these patients, patients 1 and 4, are shown in Fig. 2)
[43]. Patient 1 was a 26-year-old man with a palpable tumor in the upper left quadrant of the
abdomen, which was found to be a large tumor at laparotomy. While the 6’Ga scan was
normal, the 18F-FDG scan showed accumulation of the tracer in this region. Patient 4
presented with large lymph nodes in his neck and groin (Fig. 2). Biopsy of the biggest
cervical lymph node confirmed that the disease was diffuse small lymphocytic lymphoma.
While the 67Ga scan clearly showed the cervical lymph nodes, 18F-FDG allowed better
delineation of the involvement of the inguinal lymph nodes due to its high sensitivity. Since
that time, FDG PET images have significantly improved and 18F-FDG has become the
standard tracer for imaging lymphoma and most other cancers [49]. When compared to CT
imaging, FDG PET has continually shown superiority in monitoring treatment response in
patients with lymphoma and in predicting progression-free survival in patients [50, 51].
FDG has been shown to have high avidity for HL and some forms of NHL in the range 97 —
100 % [30]. However, some forms of NHL show low FDG avidity, including mucosa-
associated lymphoid tissue (MALT) marginal zone lymphoma (54 — 81 %), small
lymphocytic lymphoma (47 — 83 %), marginal zone lymphoma (53 — 67 %), primary
cutaneous anaplastic large T cell lymphoma (40 — 60 %), and others (Table 2).

Dual-modality PET/CT scanners provide additive benefits. While PET imaging with 18F-
FDG shows the tissues undergoing high levels of glycolysis, CT imaging provides an
anatomical reference to register the PET images spatially and enables attenuation correction,
which improves overall quantitative accuracy [52]. Also, FDG PET/CT imaging assists in
radiation treatment planning, helping to minimize potential radiation exposure to healthy
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tissues [53]. Currently, FDG PET/CT is recommended for the staging of lymphoma in
clinical practice to determine the best site for biopsy [30]. However, it is not ordinarily
recommended in patients with low avidity types of lymphoma. Additionally, FDG PET/CT
is recommended for imaging during treatment to evaluate therapeutic efficacy and for
posttreatment imaging to assess remission [30].

As an alternative modality for imaging lymphoma, magnetic resonance imaging (MRI) is
commonly used in pediatric patients as it does not expose the patient to ionizing radiation
[54]. Also, the enhanced soft tissue contrast of MRI is useful in staging lymphoma tumors
that involve the spinal cord or thorax [55]. Diffusion-weighted imaging, a functional MRI
protocol that examines the mobility differences between water molecules found in different
tissues, has shown high sensitivity (>97 %) in staging lymphoma [56-58]. While MRl is a
viable option when additional imaging studies are needed, 18F-FDG PET remains the gold
standard for cancer imaging.

Preclinical imaging of lymphoma using radiolabeled antibodies

Currently, the clinical imaging strategies for lymphoma fail to provide phenotypic
information about the tumor. ImmunoPET imaging has become a leading contender in the
field of molecular imaging, playing a significant role in the preclinical detection and staging
of lymphoma. In this section the preclinical animal models commonly used in lymphoma
imaging studies are discussed, including transgenic and xenograft mouse models. The recent
advances in immunoPET imaging of CD20 and CD30 expression in lymphoma are
summarized and the current status of radiolabeled antibodies for imaging of lymphoma in
patients is discussed. While other antigens have been targeted in lymphoma, they have been
primarily studied for use in RIT. These targets, including CD22 and CD37, are discussed in
the section “Beyond imaging: lymphoma therapy using radiolabeled antibodies”.

Animal models of lymphoma for preclinical imaging studies

Transgenic models of lymphoma—Due to the advent of genetic engineering, there are
several murine transgenic models of lymphoma readily available to researchers. Transgenic
mouse models of lymphoma can recapitulate the common genetic variations found in human
lymphomas, providing a realistic disease model. There are several types of genes that can be
modified to produce lymphoma in mice, which may include transcription factors, cell-cycle
regulators, antioncogenes, antiapoptosis genes, growth factors, receptors, and protein-
modifying enzymes [59]. Transgenic mice with altered c-Myc and Bcl-2 proteins are
commonly utilized for studying high-grade lymphoma [60, 61]. While it is beyond the scope
of this review to describe all the transgenic mouse models of lymphoma, we briefly describe
some common strains.

In the early 1980s, the critical oncogenic event that leads to the development of Burkitt
lymphoma was found to be a chromosomal translocation of the c- MY C oncogene to within
or next to an immunoglobulin heavy chain gene [62]. c-Myc is a transcription factor protein
that contributes to several cellular processes, including cell proliferation, cellular
metabolism, and apoptosis. This translocation causes the c-Myc protein to become
overexpressed, which eventually leads to B cell tumorigenesis [63]. At a similar time, Taub
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et al. discovered that a translocation placing the c-MYC gene within close range of Ey, an
immunoglobulin heavy chain enhancer, results in murine plasmacytoma [64]. This led to the
discovery of the Ep-Myc transgenic model, which rapidly develops lymphoma with only

10 % of mice surviving past 5 months of age [65, 66]. The tumors are malignant and highly
aggressive with the vast majority being pre-B-lymphomas (52 %). While nearly 100 % of
mice eventually develop lymphoma, the rate of development can be modified by inserting
the oncogene at different locations in the enhancer region [66, 67].

The BCLZ proto-oncogene produces the membrane-associated protein found in the
mitochondrial and endoplasmic reticulum membranes, known as Bcl-2 [68]. This protein
plays a unique role in lymphomagenesis, acting as a positive regulator of cell death. Bcl-2
was defined as an apoptosis inhibitor, and was found to cooperate with c-Myc in
immortalization of pre-B cells [69]. In transgenic mice, the simultaneous overexpression of
Bcl-2 and c-Myc proteins yields a synergistic effect that leads to the production of more
lymphoid tumors than in transgenic mice with single BCLZ2or c-MYC[70, 71]. There are
several co-transgenic murine models used to study lymphoma, including the blastoid variant
of mantle cell lymphoma, which is investigated using cotransgenic mice expressing Myc and
IL-14a [72]. A murine model of diffuse large B cell lymphoma has recently been developed
by introducing the full genome of the hepatitis C virus into CD19-expressing cells [73].
Thymic lymphoma has been recreated in mice by altering Afmand Prkdc to produce 129S6/
SVEvTac-AtmiMLAWb and NOD.Cg-Prkdcs¢id Emv30P/Dvs, respectively [74]. Also, T cell
lymphoma has been successfully recreated in many T cell prone mouse strains, including
C548, HRP, and AKR. For more information regarding transgenic murine models of
lymphoma, readers are directed to an excellent review covering this topic [75].

Human tumor xenograft models of lymphoma—Human tumor xenografts are the
most common murine model of lymphoma used for preclinical research. In comparison to
other cancers, lymphoma is among the most difficult types of tumor to grow in nude mice
due to macrophage activity, enhanced natural killer (NK) cell activity, and the production of
antibodies [76, 77]. Several strategies have been employed to improve xenograft take rates in
athymic nude mice, including whole-body irradiation, antithymocyte or antilymphocyte
serum administration, injection of cyclophosphamide, and splenectomy [78, 79]. While
these methods improve the establishment of xenograft tumors in athymic nude mice, which
have normal B cell and NK-cell activity, more immunodeficient models have simplified the
process of xenograft implantation of lymphoma tumors.

The murine C.B-17 severe combined immunodeficiency (SCID) strain lacks both T cell and
B cell activity [80]. Also, this strain of mouse is also deficient in immune effector functions;
thus, the SCID model has become widely employed for implantation of
lymphohematopoietic tumors. The advent of obese/nonobese (NOD) SCID mice improved
upon the immunodeficiency of C.B-17 SCID strain as it is deficient in both T cell and B cell
activity, yet is also deficient in NK cell activity and lacks serum immunoglobulins [81].
While this animal is optimal for lymphoma xenograft implantation, the high price and short
lifespan (about 8 months) of these mice effectively limit their extensive use in research.
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While most xenografts are implanted using lymphoma cell lines, patient-derived xenografts
have become popular for research purposes. In this situation, lymphoma tissue is excised
from the patient and homogenized into a cell suspension for injection into the mice or
surgically transplanted into the mice [82]. While the patient-derived xenograft better
represents the tumors found in patients, their heterogeneous structure makes them difficult to
treat and target for imaging-related studies. For this reason, most xenograft models rely upon
highly homogeneous cell cultures. Lymphoma cells may be injected into mice via several
routes, with subcutaneous and orthotopic implantation being customary. Some of the
common lymphoma cell lines used to create xenograft models include Raji and Ramos for
Burkitt’s lymphoma, FL-18 for follicular small cleaved cell lymphoma, and Karpas 299 for
anaplastic large cell lymphoma. Other common lymphoma cell lines are listed in Table 3.

A current limitation of the human xenograft model is that it does not recapitulate the
immune system found in patients. The complex interactions between cancer and immune
cells are of great interest in therapeutic and imaging studies. Since lymphoma is a cancer
that arises directly from immune cells, these animal models provide limited data on
lymphoma, bringing into question the clinical relevance of this model. To overcome this
limitation, researchers have employed humanized mouse models. The development of
humanized mouse models has been reviewed [83]. Briefly, humanized mouse models are
created by engrafting human immune cells into highly immunodeficient mice. There are
several types of mice that have been created through this process, including Hu-PBL-SCID,
Hu-SRC-SCID, and SCID-Hu. First, Hu-PBL-SCID (PBL model) mice are injected with
human peripheral blood mononuclear cells (hPBMCs) [84]. These mice eventually succumb
to graft versus host disease, which limits their use to only 4 to 6 weeks after injection of
hPBMCs [85]. Next, Hu-SRC-SCID mice are sublethally irradiated and injected with
hematopoietic stem cells. The SCID-Hu mice are coimplanted with human fetal liver and
thymus tissues under the renal capsule after sublethal irradiation, along with autologous
CD34+ hematopoietic stem cells. Also known as the BLT model, these mice develop a
robust immune system with sustained levels of Tcell development [86]. In addition, it is
possible to detect both T- and B cell response to infections in these mice, making this model
the best humanized model for interactions between the immune system and similar diseases.

Preclinical imaging of CD20 in lymphoma using radiolabeled antibodies

CD20 is an antigen expressed on the surface of mature and malignant B cells mediating B
cell activation and proliferation. It is widely expressed in many B cell malignancies,
including B cell lymphoma and B cell chronic lymphocytic leukemia [87, 88]. CD20
expression has also been found in some forms of HL [89]. While the expression of some
surface proteins can provide prognostic information in patients, expression of CD20 does
not correlate with disease severity or patient prognosis. Due to its high expression in various
cancers and diseases, several antibodies targeting CD20 have been developed, including
obinutuzumab, rituximab, ocaratuzumab, ocrelizumab, and veltuzumab [90]. Rituximab was
the first monoclonal antibody approved in 1997 for the treatment of CD20-expressing
lymphoma in the US [91, 92].
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While rituximab has been used for lymphoma treatment for nearly two decades, its potential
as an imaging agent has only recently been investigated. Natarajan et al. developed an
immunoPET imaging agent targeting CD20 by radiolabeling rituximab with the long-lived
isotope 89Zr using the chelator desferrioxamine (Df) to form 89Zr-Df-rituximab [93]. Due to
their large size, whole antibodies require several days to achieve optimal tumor retention;
thus, the long half-life of 83Zr (78.4 h) is ideal for investigating the long-term biodistribution
of antibodies in vivo [94]. To examine the biodistribution of 89Zr-Df-rituximab, a transgenic
mouse model was used that contains B cells expressing human CD20 as a representative
model of B cell lymphoma [93]. To validate the high specificity of the tracer, one group of
mice received 2 mg/kg predoses of rituximab to block the receptor and another group
received no blocking. The spleen, which is rich in CD20-expressing B cells, showed
enhanced tumor uptake of tracer in mice without receptor blocking, but showed significantly
lower uptake in mice with blocking (Fig. 3a). A region-of-interest analysis of PET images
showed that tracer accumulation was much higher in mice without blocking (83.3

+ 2.0 %ID/g) than in mice with blocking (3.2 + 0.1 %ID/g) at 120 h after injection (Fig. 3b).
In addition, the liver also showed a significant difference in uptake of tracer, yet the uptakes
were low in both groups of mice (0.61 + 0.001 %ID/g with blocking, 1.32 £ 0.05 %ID/g
without blocking; Fig. 3b). Recently, the same group performed a radiation dosimetry study
of 89Zr-Df-rituximab, and identified 145 MBq as the human patient whole-body dose per
annum that can be injected without exceeding the approved maximum permissible dose limit
[95]. Also, the spleen was determined to be the dose-limiting organ in the mice without
blocking, while the liver was the dose-limiting organ in the mice with blocking. Later, 89Zr-
labeled rituximab was used in the same laboratory for Cerenkov luminescence imaging to
validate the PET findings [96].

In addition to 89Zr, rituximab has also been radiolabeled with $4Cu for PET imaging of
lymphoma utilizing the same transgenic animal model with human CD20-expressing B cells
[97]. The antibody was conjugated to the chelator tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA), which allows effective chelation of $4Cu. Due to the short half-life of 84Cu
(12.7 h), the biodistribution of the tracer (64Cu-DOTA-rituximab) was monitored for only 48
h. The spleen could be easily delineated at 24 h after injection in mice without blocking
(16.5 + 0.45 %ID/g), and the mice with blocking showed minimal uptake (16.5

+ 0.45 %ID/g). In addition, rituximab has also been labeled with 9MT¢ for SPECT imaging
[98] and the near-infrared dye Cy5.5 for optical imaging [99].

To further enhance the pharmacokinetic properties of rituximab, Olafsen et al. developed
several anti-CD20 antibody fragments as potential imaging agents for NHL [100, 101]. For
example, they created a recombinant 80-kDa minibody of rituximab and radiolabeled it
with 64Cu for imaging of CD20 expression in lymphoma tumor-bearing mice [100]. Highly
specific tumor uptakes were observed in the CD20-positive subcutaneous xenograft model
(about 11.5 %ID/g at 4 h after injection), while the CD20-negative tumors showed
significantly lower uptake at the same time point. The same group also designed five CD20
diabodies for detection of low-grade B cell lymphoma by radiolabeling the antibody
fragments with 124| for PET imaging [101]. Tracer uptake was significantly higher at 8 h
after injection in nude mice implanted with CD20-transfected lymphomatous B cells (2.2
+ 0.6 %ID/g) than in mice implanted with untransfected cells (1.0 £ 0.4 %ID/g). While the
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tracer uptake was lower than with full antibodies, the pharmacokinetics of this tracer would
allow same-day imaging in patients. In addition to single-modality imaging agents, the
advent of dual-modality imaging agents has allowed monitoring of disease progression using
several imaging modalities. For example, Paudyal et al. designed a dual PET/optical agent
for imaging of CD20 expression in SCID mice bearing CD20-expressing Raji xenograft
tumors [102]. The anti-CD20 antibody (NuB2) was first conjugated with Alexa Fluor 750
before being radiolabeled with 4Cu through DOTA. The dual-labeled antibody showed high
uptake in the tumors by 24 h after injection (16.34 + 2.75 %ID/g), but these results are
difficult to compare regarding specificity as the study lacked a CD20-negative xenograft
model or in vivo blocking study.

The long blood circulation half-life of full antibodies can potentially hinder the clinical
translation of antibody-based imaging agents. While utilization of fragmented antibodies can
significantly decrease the blood circulation time, allowing optimal accumulation in the
tumor at 12 — 24 h after injection, these small antibody fragments undergo rapid renal
filtration and clearance, which limits the overall tracer accumulation in diseased tissues. To
overcome this limitation, Mendler et al. designed an anti-CD20 fragmented antibody tracer
with enhanced blood circulation properties for PET imaging of CD20 expression in
lymphoma [103]. First, recombinant antigen-binding fragments (Fabs) were derived from
the anti-CD20 monoclonal antibody ofatumumab. To improve the pharmacokinetics and
biodistribution of the Fab tracer, the Fabs were fused to long amino acid chains in a process
called PASylation. The antibody fragments were radiolabeled with 1241 for PET imaging in
CD1-Foxn1"™ mice bearing CD20-positive Granta human tumor xenografts to determine the
optimal length of PASylation. The optimal size of the polypeptide chain was thought to be
100 amino acids, as this provided optimal tumor accumulation at 6 h after injection (8.45

+ 1.38 %ID/g), but the accumulation rapidly declined to 2.82 + 0.58 %I1D/g by 24 h after
injection. Fabs conjugated to the long polypeptide chain of 400 amino acids showed lower
initial tumor accumulation of 4.03 £ 0.71 %ID/g at 6 h after injection, but the tracer uptake
gradually increased to 6.33 £ 1.73 %ID/g by 24 h after injection. Additionally, the 100
amino acid polypeptide chain resulted in the highest tumor to blood ratio of about 15 at 48 h
after injection, which decreased as the chain size increased with a ratio of about 10 for the
200 amino acid polypeptide and a ratio of <5 for longer chains. These results show that the
biodistribution of antibody fragments can be readily optimized for in vivo imaging studies,
which may assist in the clinical translation of antibody-based imaging agents.

Preclinical imaging of CD30 in lymphoma using radiolabeled antibodies

The cell surface receptor CD30, also known as tumor necrosis factor receptor superfamily 8
(TNFRSFS8), is a protein in the tumor necrosis factor receptor family [104]. In normal
tissues, CD30 expression is primarily limited to activated B- and T cells [105]; however,
overexpression of CD30 has been found in both B- and T cell lymphoma [106], along with
several other malignancies [107]. In 2011, Seattle Genetics designed an antibody—drug
conjugate targeting CD30 that has received FDA approval for the treatment of relapsed HL
and anaplastic large cell lymphoma [108]. Brentuximab vedotin was constructed by
connecting an anti-CD30 antibody to the anticancer agent monomethy! auristatin E
(MMAE) using a specialized linker that can be selectively cleaved by lysosomal proteases
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once inside the cell to release the MMAE for therapeutic action. Inside the cell, MMAE
binds to tubulin and induces cell cycle arrest through the G2/M phases, effectively resulting
in apoptosis [109]. There has been extensive research verifying the enhanced expression of
CD30in B cell, T cell and NK cell lymphomas [110-112]; thus, CD30 imaging agents may
be useful for the clinical imaging of several types of lymphoma in the future.

Recently, Moss et al. investigated brentuximab vedotin as a potential PET agent for imaging
of CD30 expression in lymphoma by radiolabeling the compound with 89Zr [113]. Three
tumor-bearing mouse xenograft models were used to determine the specificity of the tracer
with Karpas 299, TF1-a and Daudi, representing high CD30 expression, low CD30
expression and CD30-negative tumor model, respectively. At 144 h after injection of 89Zr-
labeled brentuximab vedotin, tumor-to-muscle ratios were 15.05 and 0.90 for the Karpas 299
and TF1-a model, respectively. These results further validate the enhanced specificity of

the 89Zr-labeled brentuximab vedotin tracer for imaging of CD30, while also proving that
the radiolabeling process has no adverse effects on the immunoreactivity or
pharmacokinetics of the tracer in vivo.

In a similar study, Rylova et al. also investigated CD30 expression in lymphoma using

an 89Zr-labeled antibody. The tumor-targeting abilities of the murine anti-human CD30
antibody AC-10 were assessed in Balb/c nude mice bearing subcutaneous CD30-expressing
Karpas 299 xenograft tumors or CD30-negative A-431 xenograft tumors [114]. First, the
antibody was conjugated to the chelator Df, and flow cytometry was used to assess the
binding of AC-10 and Df-AC-10 to Karpas-299 and A-431 cells (Fig. 4a). Next, cellular
binding assays were used to confirm that the immunoreactivity of the antibody remained
intact after conjugation and 89Zr labeling of the antibody (Fig. 4b). The biodistribution of
the tracer (89Zr-Df-AC-10) was monitored by PET imaging and tracer uptake in the CD30-
expressing xenograft tumors was determined to be 37.9 + 8.2 %ID/g, while the CD30-
negative tumor model showed significantly lower tracer uptake of only 11.0 + 0.4 %ID/qg at
72 h after injection. Even at 144 h after injection, PET/CT images showed high signal in the
Karpas 299 xenograft model that allowed clear delineation of the tumor (Fig. 4c). Ex vivo
histology (H&E staining) and digital autoradiography were used to verify the PET data (Fig.
4d). The radiotracer was also shown to be highly specific in blocking studies, proving that
anti-CD30 tracers are promising candidates for imaging of CD30-expressing lymphoma.

Imaging of lymphoma in patients using radiolabeled antibodies

The potential clinical translation of imaging agents remains a limiting factor. While there are
limited studies investigating the biodistribution of radiolabeled antibodies in lymphoma
patients, several radiolabeled antibodies have shown remarkable effectiveness as RIT agents.
There are two FDA-approved RIT agents targeting CD20: ibritumomab tiuxetan (Zevalin)
labeled with 90Y and tositumomab labeled with 1311 (Bexxar); the use of these agents in RIT
is discussed in section “Beyond imaging: lymphoma therapy using radiolabeled antibodies”
[115]. Recently, lagaru et al. investigated the efficacy of 90Y-ibritumomab tiuxetan in the
treatment of NHL using 111 In-ibritumomab for pretreatment imaging [116]. In addition,
ibritumomab tiuxetan has also been radiolabeled with 89Zr for quantifying the
biodistribution and dosimetry of 90Y-ibritumomab tiuxetan in patients with NHL [117, 118].
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Both 18F-FDG and 89Zr-ibritumomab tiuxetan allow delineation of the malignancies in NHL
patients, showing the cervical, mediastinal, left caput humeri, splenic, para-aortic, and
inguinal lymph node lymphomas, as shown in Fig. 5a [117]. However, 89Zr-ibritumomab
tiuxetan also showed high uptake in the liver which was attributed to nonspecific retention
of 89Zr after catabolism of the antibody conjugate (Fig. 5b).

In another study, Rizvi et al. used 89Zr-ibritumomab tiuxetan to assess the biodistribution

of 90Y-ibritumomab tiuxetan in humans [118]. The objective was to determine if coinjection
of a therapeutic dose of 0Y-ibritumomab tiuxetan would significantly alter the
biodistribution of 89Zr-ibritumomab tiuxetan. The researchers found that imaging with 89Zr-
ibritumomab tiuxetan made it possible to predict the radiation dosimetry for 90Y-
ibritumomab tiuxetan treatment in NHL patients scheduled for autologous stem cell
transplantation, providing further evidence that antibody-based imaging agents may be
clinically utilized to investigate treatment response in patients undergoing RIT.

The anti-CD20 antibody rituximab was recently evaluated as a PET imaging agent in
patients with CD20-expressing B cell lymphoma. In this study, Muylle et al. investigated the
biodistribution of 89Zr-labeled rituximab in patients injected with and without a preload of
unlabeled rituximab to determine if preloading would affect the tumor-targeting ability or
radiation dose of subsequent 90Y-rituximab RIT [119]. Injection of a preload of unlabeled
rituximab resulted in decreased tumor targeting of the radioconjugate in most patients,
especially those patients who were B cell-depleted due to prior treatment with rituximab,
such as the patient in Fig. 6 with grade Il follicular lymphoma. While these studies provide
evidence supporting the use of immunoPET agents for imaging lymphoma in patients,
additional studies are necessary to investigate the biodistribution and pharmacokinetics of
these immune-targeting antibodies in both healthy patients and patients with lymphoma.

Beyond imaging: lymphoma therapy using radiolabeled antibodies

While the primary focus of this review is radiolabeled antibodies for imaging lymphoma, the
widespread use of radiolabeled antibodies for RIT of lymphoma warrants a brief discussion.
Over the last two decades, RIT using radiolabeled antibodies has shown remarkable success
in improving patient survival in many types of lymphoma [120]. The enhanced efficacy of
RIT has been attributed to the fact that many types of lymphoma are radiosensitive and
multifocal [121]. Commonly, radiolabeled antibodies for RIT are labeled with 0Y for
therapy or 31| for therapy and imaging.

Bexxar (1311-tositumomab) is a RIT agent targeting CD20 that received FDA approval in
2003 for the treatment of various forms of NHL [122]. The agent was used with success for
several years after receiving FDA approval until the sales of the drug started to decline
rapidly by 30 % each year. While Bexxar showed excellent efficacy and safety profiles in
most clinical trials, a significant turning point was in 2011 when researchers from the Fred
Hutchinson Cancer Research Center revealed the results of a large clinical trial in NHL (554
patients) that showed no significant improvements in response rates or survival rates
between patients receiving Bexxar and CHOP and those receiving rituximab and CHOP
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[123]. This result, in combination with its declining sales, led to discontinuation of the
product by GlaxoSmithKline in 2014.

The next RIT agent used for lymphoma treatment was Zevalin, a radiolabeled antibody
targeting CD20 [115]. The antibody is ibritumomab, a murine 1gG1 x class. A chelator
linker (tiuxetan) is utilized to provide a high-affinity chelation site for °0Y. Upon binding to
CD20, the receptor remains on the surface of the cell and the therapeutic action of Zevalin is
induced by the beta emission from 90, which leads to the formation of damaging free
radicals in nearby cells. Similar to Bexxar, infusion of unlabeled antibody (tositumomab for
Bexxar and rituximab for Zevalin) is given before the RIT agent to significantly reduce the
number of circulating B cells, thus limiting potential off-target toxicities. Currently, Zevalin
is approved to treat low-grade or follicular B cell NHL that has relapsed during or after
treatment with other anticancer drugs, and newly diagnosed follicular NHL that has shown
an initial response to anticancer therapies.

Several other RIT agents are actively being explored as potential agents for the treatment of
lymphoma. For example, epratuzumab is a humanized antibody targeting CD22, known to
be highly expressed in most types of lymphoma [124]. Previously, this antibody was labeled
with 90Y and has been used for the treatment of aggressive NHL with 53 % of patients
showing an objective response [125]. Instead of rituximab, an antibody targeting CD20
(veltuzumab) was used to decrease the amount B cells circulating in the blood. Bodet-Milin
et al. evaluated the response to 90Y-labeled epratuzumab in NHL patients using FDG PET
(Fig. 7) [126]. FDG PET and CT imaging were performed before and after RIT. In the
patient in Fig. 7, pretreatment imaging revealed the involvement of a lumbar lymph node,
which was significantly decreased at 6 weeks and 3 months after treatment. CT showed a
reduction in lesion mass by 65 % and 80 % at 6 weeks and 3 months after RIT, respectively.
At 6 months after RIT, FDG PET imaging indicated disease progression, but CT still showed
a substantial reduction in lesion mass (84 %).

In addition to CD20 and CD22, several other biomarkers have been investigated as targets
for RIT in lymphoma, including the human leukocyte antigen DR (HLA-DR) [127-129],
CD21 [130, 131], and CD37 [132, 133]. In the past decade, HLA-DR has been extensively
studied in the preclinical setting as a potential target for RIT. In a recent study, DeNardo et
al. linked two small molecules known to interact with HLA-DR to mimic the targeting
ability of an HLA-DR antibody [134]. The 84Cu-labeled tracer was injected into xenograft-
bearing mice and showed high specific uptake in lymphoma tumors expressing HLA-DR,
while minimal uptake was seen in the HLA-DR-negative tumor model. In the future, the
detection of new biomarkers and antibodies may significantly advance the field of RIT. For
more information about RIT of lymphoma, readers are directed to some comprehensive
reviews on this topic [135-137].

Discussion and future perspectives

Lymphoma is a difficult disease to diagnose due to its multifaceted pathology, which can
easily be mistaken for other inflammatory and nonhematological diseases [138]. For this
reason, physicians and researchers rely on several factors to accurately diagnose and study

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

England et al.

Page 13

the disease, including clinical history, morphology, phenotype, and genetics. While
information regarding tumor phenotype can be obtained through immunohistochemistry and
flow cytometry, highly invasive biopsies are required to retrieve the tissue for analysis.
Substantial efforts have been devoted to methods for noninvasively assessing tumor
phenotype in patients. Molecular imaging has been at the forefront of this field during the
last decade, and provides the ability to noninvasively image tumors using designable
imaging agents. PET is ideally suited for molecular imaging due to its high sensitivity and
high resolution, and because it is not limited by tissue penetration depth [139]. Also,
designing PET imaging agents has become simpler through advances in radiochemistry and
isotope development.

In the future, PET imaging with radiolabeled antibodies may be used to select patients more
likely to benefit from certain targeted therapies or it may provide insight into why certain
patients experience treatment failure. Knowledge of the tumor phenotype from noninvasive
imaging could allow optimization of treatment for individual patients. For example, PET
imaging with an anti-CD20 tracer could be used to image a patient in whom anti-CD20 RIT
has failed, and would provide an insight into the reason for treatment failure and assist in
determining an alternative effective treatment plan.

With the cost of drugs rising each year, antibody-based imaging could become common
practice before treating patients with expensive biological drugs that may be ineffective. As
of 2016, the cost of Zevalin therapy is approximately $30,000, which is significantly cheaper
than the cost of newer therapeutic antibodies. For example, two newer immunotherapeutic
antibodies targeting programmed cell death protein 1 (nivolumab) and cytotoxic T-
lymphocyte-associated protein 4 (ipilimumab) cost between $100,000 and $150,000 for a
single course of therapy. It has been shown that both of these biomarkers are overexpressed
in many types of lymphoma [140, 141]. Thus these antibodies may find a role in lymphoma
imaging or RIT in the future. In 2016, the FDA approved nivolumab for the treatment of HL
[142]. The potential of immune checkpoint inhibitor antibodies for tracking of activated T
cells has been demonstrated in vivo [143], and this could be translated for imaging of
lymphoma. For more information on molecular imaging of immunotherapy targets, readers
are directed to our recent review of this topic [144].

While CD20 and CD30 are excellent biomarkers for antibody-targeted imaging, imaging
agents targeting these entities often fall short in the preclinical and clinical settings. The
most successful imaging agents, such as 18F-FDG, show specificity towards several tumors
and consistently provide excellent tumor visualization. Due to the natural specificity of
antibodies, antibody tracers are good agents for cancer imaging, but they are readily limited
by their lack of versatility. Unlike 18F-FDG, antibody tracers target a single antigen, which
may be differentially expressed among tumors of the same type. While CD20 and CD30 are
effectively targeted by antibody tracers, newer dual-targeted imaging agents may improve
the potential clinical usefulness of antibody-based radiotracers. In addition to the specificity,
antibody tracers are also limited by their long circulation half-life and potential
immunogenicity. For this reason, investigation of non-antibody imaging agents targeting
CD20, CD30, and other lymphoma biomarkers, remains relevant. For example, Natarajan et
al. engineered a novel anti-CD20 protein from the 10-kDa human fibronectin type 3 (FN3)
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domain of CD20 [145]. The protein was radiolabeled 54Cu and injected into CD20-
expressing Ramos tumor-bearing mice. For comparison, tumor uptake was evaluated in mice
receiving 84Cu-labeled FN3 (16.8 + 1.6 %ID/g) and 54Cu-labeled rituximab (5.6

+ 1.4 %ID/g) at 1 h after injection, and showed that the small protein-based imaging agent
may be well-suited for molecular imaging of B cell NHL at early time points after injection.

Currently, there are few studies that have investigated other potential biomarkers for imaging
of lymphoma, yet the discovery of new biomarkers may provide additional benefits for
imaging and therapeutic applications. In this regard, there have been some studies showing
that CD5 and Forkhead box protein P1 (FOXP1) expression may be useful for predicting
disease prognosis in patients with diffuse large B cell lymphoma [146, 147]. Hence, imaging
of these biomarkers would provide added benefit at the time of diagnosis. In another study,
the intensity of 18F-FDG uptake in lymphomas was directly correlated with Glutl
expression in patients with HL and NHL [148]. Thus, identification of biomarkers expressed
in more types of lymphoma may lead to the production of more clinically relevant imaging
tools. In conclusion, radiolabeled antibodies have shown excellent potential for the
noninvasive imaging of lymphoma in both preclinical animal models and patients; thus, with
more research, these tracers may make excellent agents for the clinical imaging of
lymphoma in the future.
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Fig. 1.

Strategies for the treatment of patients with lymphoma. Treatment may involve a
combination of several modalities, including chemotherapy, radiation or proton therapy,
immunotherapies, stem cell transplantation, or watchful waiting. There are several
chemotherapeutic regimens for lymphoma, including ABVD (doxorubicin, bleomycin,
vinblastine and dacarbazine), BEAM (carmustine, etoposide, cytarabine and melphalan),
CHOP (cyclophosphamide, doxorubicin or hydroxydaunorubicin, vincristine and
prednisone), BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristing,
procarbazine and prednisolone), and CVP (cyclophosphamide, vincristine and
prednisolone), and others. Immunotherapies may consist of monoclonal antibodies such as
rituximab, proteasome inhibitors, immune modular (thalidomide and lenalidomide), targeted
therapies, small molecule therapies (panobinostat), cytokine therapies, and interferon
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Comparison of 57Ga and 18F-FDG for imaging lymphoma. In patient 1, the 7Ga scan is
normal, while the 18F-FDG scan clearly shows a lymphoma tumor (7) in the left quadrant of
the retroperitoneum. In patient 4, lymphoma involvement in the inguinal lymph nodes (/LN)
is visible on the 87Ga scan, but is better delineated on the 18F-FDG scan. Both scans show
cervical lymph node (CLN) involvement, while thel8F-FDG scan shows liver (L)
involvement. Reprinted with permission from Paul [43]
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Fig. 3.
Imaging of CD20 expression in mice using 89Zr-Df-rituximab. a PET/CT images 120 h after

injection of 89Zr-Df-rituximab into two groups of transgenic mice expressing human CD20
on their B cells. The mice of one group were injected directly with tracer, and the mice of
the other group received a 2 mg/kg predose of rituximab to block the receptor. In the mouse
without blocking (/ef?), the spleen shows high uptake of tracer, and the mouse with blocking
(righ? shows minimal uptake of tracer (S spleen expressing human CD20). b Tracer uptake
in the B cell-rich spleen was determined by region-of-interest analysis, and was found to be
83.3 = 2.0 %ID/g in mice without blocking and 3.2 + 0.1 %ID/g in mice with blocking at
120 h after injection. Low tracer uptake was found in the liver of both groups: 0.61

+ 0.001 % in mice without blocking and 1.32 + 0.05 %ID/g in mice with blocking at 120 h
after injection. Reprinted with permission [93]
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PET imaging of 89Zr-DFO-AC-10 in CD30 expression in xenograft mice. a Flow cytometry
was used to determine the binding specificity of AC-10 and DFO-AC-10 to CD30-positive
Karpas 299 cells. The x-axis denotes that detector (FL2) was used to detect the dye (PE) and
the data are shown in a log plot. b In vitro saturated binding assay of 89Zr-DFO-AC-10 to
CD30-positive Karpas 299 cells and CD30-negative A-431 cells. ¢ PET/CT images of two
representative mice bearing CD30-positive Karpas 299 and CD30-negative A-431 tumors at
144 h after injection. d Digital autoradiography and immunohistochemistry were used to
evaluate the biodistribution of 89Zr-DFO-AC-10 in tumor and liver of both mouse models
(H&E hematoxylin and eosin, DAR digital autoradiography, UPP units per pixel). Reprinted
with permission [114]
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Fig. 5.
Comparison of 18F-FDG and 89Zr-ibritumomab tiuxetan PET imaging in a patient with

NHL. a Coronal 18F-FDG PET images obtained from the anterior (/eff) to the posterior
(right). The cervical, mediastinal, splenic, left caput humeri, para-aortic, and inguinal lymph
nodes are clearly visualized (white arrows). b 89Zr-ibritumomab tiuxetan PET images
obtained 96 h after tracer injection. The same lymphoma sites are visualized using this tracer
(white arrows); however, liver uptake (yellow arrow) was attributed to the retention of 89Zr
after catabolism of the tracer. Reprinted with permission [117]
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897r-Rituximab ImmunoPET/CT

Without Preload With Preload

Fig. 6.
Biodistribution of 89Zr-rituximab in an adult male with B cell-depleted grade 11 follicular

lymphoma. PET/CT imaging was performed 6 days after injection of 89Zr-Rituximab with
or without a preload of unlabeled rituximab. Tumor targeting is higher without a preload of
unlabeled rituximab. Reprinted with permission [119]
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FDG-PET

Fig. 7.
FDG PET for monitoring the response to RIT with %0Y-gpratuzumab. FDG PET and CT

imaging were performed before and after RIT. Pretreatment images show the involvement of
a lumbar lymph node (arrow). At 6 weeks and 3 months after treatment, the FDG PET
images show a partial response. The CT images show a reduction in lesion mass by 65 %
and 80 %, respectively. At 6 months after treatment, the FDG PET image indicates disease
progression, while the CT image still shows a substantial reduction in lesion mass (84 %).
Reprinted with permission [126]
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Table 2
FDG avidity for different types of lymphoma
Lymphoma type (WHO classification) FDG avidity (%) Number of patients
Hodgkin lymphoma 97 - 100 489
Follicular lymphoma 91 -100 622
Diffuse large B cell lymphoma 97 -100 446
Mantle-cell lymphoma 100 83
Burkitt’s lymphoma 100 24
Anaplastic large T cell lymphoma 94 -100 37
NK/T cell lymphoma 83 -100 80
Peripheral T cell lymphoma 86 — 98 93
MALT marginal zone lymphoma 54 -81 227
Mycosis fungoides 83 -100 24
Small lymphocytic lymphoma 47 -83 49
Marginal zone lymphoma, splenic 53 -67 13
Marginal zone lymphoma, unspecified 67 12
Sézary syndrome 100 8
Primary cutaneous anaplastic large T cell lymphoma 40 — 60 14
Subcutaneous panniculitis-like T cell lymphoma 71 7
Cutaneous B cell lymphoma 0 2

Table adapted from Barrington et al. [30]
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Table 3

Common lymphoma cell lines used for xenograft implantation in mice

Cell line Cell type Disease Donor sex  Donor age
Karpas 299 T lymphocyte Anaplastic large cell lymphoma  Male 25 years
SU-DHL-1 T lymphocyte Anaplastic large cell lymphoma Male 10 years
Daudi B lymphoblast  Burkitt lymphoma Male 16 years
Raji B lymphocyte Burkitt lymphoma Male 11 years
H9 (from HUT 78) T lymphocyte Cutaneous T cell lymphoma Male 53 years
HuT 102 T lymphocyte Mycosis fungoides Male 26 years
Pfeiffer B lymphocyte Diffuse large B cell lymphoma  Male 10 years
Toledo B lymphocyte Diffuse large B cell lymphoma  Female Adult
Mino B lymphocyte Mantle cell lymphoma Male 64 years
MAVER-1 B lymphocyte Mantle cell lymphoma Male 77 years
KM-H2 Reed-Sternberg  Hodgkin disease Male 37 years
L540 Reed-Sternberg  Hodgkin disease Female 20 years
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