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18F-FDG-PET/CT imaging in an IL-6- and MYC-driven mouse
model of human multiple myeloma affords objective evaluation
of plasma cell tumor progression and therapeutic response
to the proteasome inhibitor ixazomib
K Duncan1, TR Rosean1,2, VS Tompkins1, A Olivier1, R Sompallae1,3, F Zhan4, G Tricot4, MR Acevedo5, LLB Ponto5, SAWalsh5, LT Tygrett1,
AJ Berger6, T Waldschmidt1, HC Morse III7, JJ Sunderland5,8 and S Janz1,8

18F-fluorodeoxyglucose positron emission tomography (FDG-PET) and computed tomography (CT) are useful imaging modalities
for evaluating tumor progression and treatment responses in genetically engineered mouse models of solid human cancers, but
the potential of integrated FDG-PET/CT for assessing tumor development and new interventions in transgenic mouse models of
human blood cancers such as multiple myeloma (MM) has not been demonstrated. Here we use BALB/c mice that contain the
newly developed iMycDEm gene insertion and the widely expressed H2-Ld-IL6 transgene to demonstrate that FDG-PET/CT affords an
excellent research tool for assessing interleukin-6- and MYC-driven plasma cell tumor (PCT) development in a serial, reproducible
and stage- and lesion-specific manner. We also show that FDG-PET/CT permits determination of objective drug responses in
PCT-bearing mice treated with the investigational proteasome inhibitor ixazomib (MLN2238), the biologically active form of
ixazomib citrate (MLN9708), that is currently in phase 3 clinical trials in MM. Overall survival of 5 of 6 ixazomib-treated mice doubled
compared with mice left untreated. One outlier mouse presented with primary refractory disease. Our findings demonstrate the
utility of FDG-PET/CT for preclinical MM research and suggest that this method will play an important role in the design and testing
of new approaches to treat myeloma.
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INTRODUCTION
The diagnosis, staging and therapeutic monitoring of multiple
myeloma (MM), the second most common blood cancer in the
United States, involves a variety of imaging methods that use either
anatomy-based modalities (for example, conventional radiography
including the whole-body radiographic series known as the
metastatic bone survey1 and computed tomography (CT)2),
functional modalities (for example, positron emission tomography
(PET),3 magnetic resonance imaging (MRI)4 and 99mTc-sestamibi5) or
a combination of both modalities (for example, PET/CT).6 Integrated
PET/CT, which is particularly useful for myeloma imaging,7,8 relies
on positron-emitting radiopharmaceuticals, the most common of
which is the glucose analog 18F-fluorodeoxyglucose (FDG).9 The
utility of FDG is based on the Warburg effect, that is, the ability of
MM and virtually all other cancer cells to undergo aerobic glycolysis
that results in heightened glucose utilization and FDG uptake
rates.10 FDG-PET/CT is a versatile imaging tool for MM because it:
assists diagnosis by virtue of identifying high tumor-yield biopsy
sites;11,12 provides results superior to those of MBS for (1) staging

and restaging patients,13 (2) detecting extramedullary disease14 and
(3) demonstrating treatment response;15 detects and localizes
occult infection;16 and contributes to patient stratification, for
example, by distinguishing patients with a complete imaging
response before hematopoietic stem cell transplantation (superior
survival) from patients with an incomplete response (inferior
survival).17

In spite of these clinical benefits, FDG-PET/CT has not yet been
embraced by the preclinical research community that employs
mouse models of MM in which plasma cell tumors (PCTs) arise de
novo in the presence of a normal immune system. These models
include the archetypical, inflammation-induced peritoneal PCT in
strain BALB/c mice;18 PCTs that arise in mice that carry either
the Vk*MYC,19 Em-Xbp1,20 NPM-ALK,21 Em-Bcl2,22 H2-Ld-IL6,23

Bcl-XL
24,25 or Sca1-MafB26 transgenes; and anaplastic PCTs27 that

occur in Em-v-abl,28 Myc (c-myc)29,30 and Em-Ccnd1T286A (see
Gladden et al.31) transgenic (Tg) mice as well as in NSF.Vþ

congenics.32 To overcome certain limitations of these models,
especially with regard to tumor onset (often too long) and genetic

1Department of Pathology, University of Iowa Roy J and Lucille A Carver College of Medicine, Iowa City, IA, USA; 2The Interdisciplinary Immunology Graduate Program, University
of Iowa Roy J and Lucille A Carver College of Medicine, Iowa City, IA, USA; 3The Bioinformatics Core Facility, University of Iowa Roy J and Lucille A Carver College of Medicine, Iowa
City, IA, USA; 4Department of Internal Medicine, University of Iowa Roy J and Lucille A Carver College of Medicine, Iowa City, IA, USA; 5Department of Radiology, University of Iowa
Roy J and Lucille A Carver College of Medicine, Iowa City, IA, USA; 6Takeda Pharmaceutica Company Ltd, Cambridge, MA, USA and 7Virology and Cellular Immunology Section,
Laboratory of Immunogenetics, National Institutes of Allergy and Infectious Diseases, National Institutes of Health, Rockville, MD, USA. Correspondence: Professor JJ Sunderland,
Department of Radiology, University of Iowa Roy J and Lucille A Carver College of Medicine, 3881 JPP, Iowa City, 52242 IA, USA or Professor S Janz, Department of Pathology,
Carver College of Medicine, University of Iowa, 500 Newton Road, 1046C ML, Iowa City, 52242 IA, USA.
E-mail: john-sunderland@uiowa.edu or siegfried-janz@uiowa.edu
8These authors shared senior co-authorship.
Received 14 August 2013; revised 22 September 2013; accepted 2 October 2013

Citation: Blood Cancer Journal (2013) 3, e165; doi:10.1038/bcj.2013.61
& 2013 Macmillan Publishers Limited All rights reserved 2044-5385/13

www.nature.com/bcj

http://dx.doi.org/10.1038/bcj.2013.61
mailto:john-sunderland@uiowa.edu
mailto:siegfried-janz@uiowa.edu
http://www.nature.com/bcj


penetrance of the tumor phenotype (tumor incidence often too
low), we and others have recently developed double-Tg strains,
such as Bcl-XLMyc33 and IL6Myc,34 in which tumor development is
greatly accelerated (short onset) and fully penetrant (100% tumor
incidence). However, the welcome feature of oncogene
collaboration in these strains is accompanied by an unwelcome
barrier to further improvement by crossing in one of the widely
used Tg reporter genes of tumor development, for example, those
encoding luciferase (enables in vivo bioluminescence imaging) or
a fluorescent protein (enables in vivo fluorescence imaging).
Breeding schemes to introduce a reporter gene onto a double-Tg
background are laborious, time consuming and often prohibitively
expensive.
In our current studies, we utilized an improved version of the

IL6Myc model of human MM in which tumor progression is driven
by a modified iMyc allele, designated iMycDEm,35 but the same,
widely expressed human interleukin-6 (IL-6) transgene36 used in
previous studies on IL6Myc-driven PCT.34 Here we show that the
reporter gene-independent imaging modality, FDG-PET/CT, is able
to identify and quantitatively track the emergence and growth of
myeloma-like tumors in these IL6Myc mice. In addition, FDG-PET
was able to detect the response of the tumors during treatment
with the proteasome inhibitor ixazomib that has previously
demonstrated antitumor activity in preclinical models of plasma
cell (PC) malignancy37,38 and in phase 1/2 trials of MM.39 Our
findings demonstrate the utility of FDG-PET/CT for preclinical MM
research and suggest that this method will play an important role
in testing new myeloma interventions.

MATERIALS AND METHODS
Mice
Double-transgenic (DTg) C.IL6Myc mice were selected from crosses of
homozygous Tg C.iMycDEm and heterozygous Tg C.H2-Ld-IL6 mice based on

genotyping of progeny. In accordance with a Mendelian trait, 50% of
offspring exhibited the desired DTg genotype. Strain C.iMycDEm is new; it
was developed by gene targeting a his6-tagged murine Myc cDNA 30 of the
JH region of the Igh locus, such that the intronic heavy-chain enhancer, Em,
was replaced by the inserted Myc gene, designated iMycDEm.35 The iMycDEm

transgene was backcrossed for more than 12 generations onto strain
BALB/c (C) and then bred to homozygosity. The development and use of
C.H2-Ld-IL6 congenic mice for research on the natural history of PCT has
been described previously.23 Tumor incidence in strain C.IL6Myc was
determined as previously described.34 All animal studies were approved
under University of Iowa Institutional Animal Care and Use Committee
Protocol 0701007.

Gene expression profiling, enzyme-linked immunosorbent assay,
flow cytometry and serum protein electrophoresis
Global gene expression profiling relied on Illumina (San Diego, CA, USA)
Mouse WG-6 v2.0 Bead Chips and data analytical approaches
described elsewhere.40 Serum immunoglobulin levels (enzyme-linked
immunosorbent assay)41 and surface markers (flow cytometry)42 were
analyzed as previously described. For serum protein electrophoresis, blood
was collected either from live mice by submandibular vein puncture or at
necropsy by heart puncture. Blood was transferred to EDTA-coated
Microtainer tubes (Becton Dickinson, Franklin Lakes, NJ, USA) and spun
for 5min to obtain serum. Serum proteins were fractionated on Hydragel
Protein(e) K20 gels using a Sebia (Norcross, GA, USA) elecrophoresis
chamber (90 V constant; 40min migration time; 12±3mA). Densitometric
analysis of electropherograms relied on ImageJ (NIH, Bethesda, MD, USA).

FDG-PET scanning
Mice in the tumor development study (nos. 1–15) were assigned to three
different groups. Groups 1 and 2 contained age-matched DTg and normal
C mice. Group 3 contained only DTg mice. Mice in the tumor treatment
study (nos. 16–21) were included in one group. These mice received
ixazomib (MLN2238) that was administered in the lateral tail vein at
7mg/kg body weight. Ixazomib was dissolved in 5% hydroxypropyl-b-
cyclodextrin. PET/CT scanning was performed after mice were fasted for

Figure 1. Features of PCTs arising in C.IL6/MYC mice. (a) Targeted Tg insertion of Myc in C.iMycDEm mice. Shown are schemes of the normal mouse
Igh locus (top) and the targeted Igh locus (bottom) harboring the inserted Myc gene (red box, not to scale) in the intervening genomic region
between the Ig heavy-chain joining locus, JH (gray rectangle), and the switch region (black dot) of the Cm locus (labeled open rectangle). The Em
and Ea enhancers are depicted by blue diamonds that are labeled. Note that Em has been deleted during gene targeting so that only Ea is
available to driveMyc expression in cis. The ‘iMyc’ transgene insertion site is also the preferred recombination site of chromosomal t(8;14)(q24;q32)
IGH-MYC exchanges in human sporadic Burkitt lymphoma and chromosomal T(12;15) Igh-Myc exchanges in a subset of inflammation-dependent
peritoneal plasmacytomas in strain C mice. (b) Generation of strain C.IL6Myc mice. The mice were selected from crosses of homozygous Tg (TG/
TG) C.iMycDEm mice and heterozygous Tg (TG/þ ) C.H2-Ld-IL6 mice. In accordance with a Mendelian trait, approximately half of offspring exhibited
the desired doubly heterozygous Tg genotype. (c) Necropsy photographs of a PCT-bearing C.IL6Myc mouse before (left panel) and after (right
panel) opening the abdominal wall. The mouse harbors enlarged, highly vascularized peripheral lymph nodes (LNs) in the CLN, ALN and ILN
regions. The grossly enlarged MLN penetrating the gut loops and the moderately enlarged SPL become visible after removal of the abdominal
wall. A mouse that developed hind leg paralysis is shown at bottom right. (d) Photomicrograph of a PCT found in an enlarged CLN ofB4-month-
old C.IL6Myc mouse (hematoxylin and eosin (H&E); original magnification � 63). (e) Detection of paraproteins in sera of PCT-bearing C.IL6Myc
mice (lanes 2–9). Lane 1 contains a sample from a normal control C mouse. Paraproteins (M-components, M-spikes) are indicated by red
arrowheads pointing right, for example, IgG1/k in lane 5 and IgA/k in lane 7. Of 10 M-spikes isotyped by enzyme-linked immunosorbent assay
(ELISA), 5 were found to be IgG1, 3 were IgG2b, 1 was IgG3 and 1 was IgA. The k light chains were used in all cases. (f ) Heatmap of
differentially expressed genes in IL6Myc-dependent PCT (n¼ 11) compared with normal B cells. Up- and down-regulated genes are indicated
by red and blue, respectively. All tumor samples were obtained from enlarged MLNs. B cells were isolated from the spleens of 5-month-old C
mice using B220 magnetic columns (Milteny, Auburn, CA, USA). The B220þ splenocytes were either left untreated (n¼ 3) or activated by
treatment with lipopolysaccharide (LPS) and IL-4 (n¼ 3). Illumina microarray data were processed using GenomeStudio v1.9.0 (Illumina). Raw
expression values were normalized using the quantile method and assessed for genes with differential expression based on analysis of
variance (ANOVA). Probeset values were normalized to a mean of zero (that is, mean centered) and a s.d. of 1. The false discovery rate (FDR)
was then applied to adjust P-values for multiple test correction. Differentially expressed genes were selected with thresholds based on FDR-
adjusted P-value o0.05 and fold change 41.5 or o� 1.5. (g) Shown to the left is a PCA (principal component analysis) plot of global gene
expression of the tumor and control samples included in the heatmap presented above: A, quiescent B cells; B, proliferating B cells; C, PCT.
Shown to the right is a Venn diagram that depicts the number of gene probes found to be significantly variable by ANOVA in pairwise
comparisons using a cut-off threshold of FDR 0.05 and a fold expression change that is either 41.5 or o� 1.5. The 831 gene probes
intersecting all four comparison groups are included in the heatmap in (a). (h) Diagram showing expression levels of six genes found to be up-
or down-regulated in PCT (n¼ 11) compared with normal B cells (n¼ 3þ 3). Mean gene expression levels (columns) and s.d. of the mean
(vertical lines) are plotted. All differences between PCT and either unstimulated or stimulated B cells were significant (Po0.05) using Student’s
t-test. (i) Infiltration of the bone marrow with malignant PCs. The left top panel depicts flow data on the presence of malignant, high forward
scatter-gated CD138þB220- PCs (10.8%) in the femur of a C.IL6Myc mouse harboring a mid-stage PCT. B220 and CD138 were detected using
phycoerythrin- and allophycocyanin-conjugated antibodies 6B2 (eBioscience, San Diego, CA, USA) and 281–2 (BD Biosciences, San Jose, CA,
USA), respectively. Shown in the right top and bottom panels is a tissue section of a skull base bone of another mouse bearing a late-stage
PCT. The normal marrow has been replaced entirely with malignant PCs (H&E; original magnification � 2 and � 63, respectively).
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12 h but had free access to water. Following determination of body
weights (23.0±5.30 g on average) and blood glucose levels
(63.6±21.2mg/dl; Freestyle glucometer, Abbott Labs, Abbott Park, IL,
USA), mice were anesthetized using vaporized isoflurane (4% for induction;
2.5% for maintenance). Sterile normal saline (0.1ml) was injected
subcutaneously to ensure adequate hydration. Following administration
of 18F-FDG (8.65±2.7MBq) via lateral tail vein injection, mice were

awakened and returned to individual holding cages. Precisely 60min post
FDG injection, re-anesthetized mice were placed prone in a heated (36 1C)
multimodality chamber (M2M Imaging, Cleveland, OH, USA) in the PET
scanner’s gantry. PET list mode data were acquired for 15min, using an
Inveon small-animal PET/CT/SPECT imaging system (Preclinical Solutions,
Siemens Healthcare Molecular Imaging, Knoxville, TN, USA). In the same
workflow, a CT image was acquired for attenuation correction purposes.
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Images were reconstructed using a three-dimensional OP-MAP algorithm
(Siemens Medical Solutions USA, Inc., Malvern, PA, USA). Scanner
reconstructions using this algorithm were calibrated back to a National
Institute of Standards and Technology (NIST)-traceable positron-emitting
dose calibrator source to assure quantitative accuracy.

FDG-PET image analysis
Images were analyzed using PMOD v3.2 software (PMOD Technologies,
Zurich, Switzerland). To determine tumor activity based on 18F-FDG uptake
in individual lesions, volumes of interest (VOIs) were drawn at sites known
to display accumulation of aberrant PCs, particularly lymph nodes and
spleen. A threshold algorithm (50% max–min) was applied to all detectable
lesion sites for adequate volume contouring. The mean standardized
uptake value (SUVmean), maximal SUV (SUVmax), metabolic tumor volume
(Volmetab) and total lesion glycolysis (TLG¼ SUVmean � Volmetab) were
determined. SUVmax and Volmetab were used to assess tumor activity and
growth, respectively. Means were calculated for the different parameters,
expressed graphically and considered significantly different at two-tailed P-
values of p0.05. To better appreciate tumor contours in anatomical
context, three-dimensional reconstruction of PET and CT modalities were
generated using independent software (Inveon Research Workplace,
Siemens Medical Solutions USA, Inc.).

Histopathology
C.IL6Myc mice were killed at early-, intermediate- and late-disease stages (47–
51, 92–104 and 136–139 days, respectively) and a standard panel of tissues,
including bones (skull, humerus, femur, vertebrae, sternum), lymphoid organs
(lymph nodes, spleen) and parenchymatous organs (liver, kidney), was
harvested, fixed in formalin and embedded in paraffin. Tissue sections (4mm)
were stained with hematoxylin and eosin and quantified for numbers of
aberrant PCs in 10 different fields of view, using an Olympus (Center Valley,
PA, USA) BX-61 light microscope and a 40x objective. Aberrant IL6Myc DTg
PCs are larger than their normal counterparts, usually hyperchromatic, and
sometimes mitotically active. Tissue infiltration with aberrant PCs was
estimated using a scoring system with scores 0–4 denoting absence (0),
p10% (1), 10–49% (2), 50–79% (3) and 480% PCs (4), respectively.

RESULTS
Widespread Tg expression of IL-6 cooperates with deregulated
Myc in B cells to drive PCT development in BALB/c mice
To determine whether the newly developed iMyc allele, iMycDEm

(Figure 1a), would act synergistically with widespread Tg
expression of IL-6 to promote malignant PC transformation in
BALB/c (C) mice, homozygous Tg C.iMycDEm mice were crossed
with heterozygous Tg C.IL6 mice to generate heterozygous DTg
C.IL6Myc mice (Figure 1b). Fourteen DTg mice were monitored at

weekly intervals for signs of tumor development manifested by
splenomegaly, generalized lymphadenopathy and/or hind leg
paralysis (Figure 1c). All 14 mice exhibited signs of incipient
neoplasia before 130 days of age, indicating complete genetic
penetrance of the IL6Myc-driven phenotype. Median age of tumor
onset was 106 days with a mean and s.d. of the mean of
96.1±21.0 days and a range of 45–175 days. Tumor diagnosis was
confirmed by histological studies of tissues obtained at necropsy.
In all 14 cases, the tumors were positive for homogeneous sheets
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Figure 2. Monitoring PCT progression in individual C.IL6Myc mice
using integrated FDG-PET and CT imaging. (a) FDG-PET imaging
schedule of C.IL6Myc mice undergoing PCT development. The study
included 11 Tg mice (black squares) and 4 normal C mice used as
controls (open squares). The numbers of mice (displayed vertically)
and ages of mice at time of PET scanning (displayed horizontally) are
indicated. (b) Serial coronal PET images of a representative IL6Myc
mouse (top) and a normal control (bottom) acquired between 38
and 143 days of age. All images were normalized to the same
maximal standard uptake value (SUVmax¼ 3) to facilitate comparison
of PET lesions. The steady increase in FDG uptake in peripheral and
abdominal lymph nodes of the transgenic mouse (top panels)
indicates the steady progression of PCT over time. High normal FDG
uptake (not associated with tumor development) resulting in high
PET signal strength is seen in brain and heart (tissues with
physiologically high levels of glucose utilization), the FDG excretion
pathway (urinary bladder and, to a lesser extent, kidneys) and the
FDG injection site (lateral tail vein)—all readily detected in the
normal mouse shown at the bottom. (c) Three-dimensional
renderings of fused PET/CT images of the IL6Myc mouse from (a).
Integrated images of this sort facilitate the determination of tumor
dissemination patterns and the precise anatomic localization of
bone cavities containing PCT-laden hematopoietic marrow.
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of cIgþ PCs containing varying amounts of cytoplasm and
eccentric nuclei with prominent nucleoli. Based on these features,
the tumors were classified as PCTs (Figure 1d). Compared with
DTg mice, tumor development in the single Tg counterparts was
significantly slower: 8 C.iMyc mice developed tumors by 410 days
of age (median: 251 days; mean: 269±64.3 days; range: 213–410
days), a significant delay relative to strain C.IL6Myc by two-tailed
t-test analysis (Po10� 3). Similarly, as reported previously, C.IL-6
mice developed no more than 40% PCT by 12 months of age.23

These findings underlined the striking efficiency with which IL-6
and Myc collaborate in PCT formation in strain C mice.34

IL6Myc-driven PCTs recapitulate key features of human MM
Tumor-bearing C.IL6Myc mice exhibited paraprotein ‘M-spikes’
upon serum protein electrophoresis (Figure 1e), indicating either
the presence of a single, greatly expanded clone of Ig-producing
PCs (see, for example, the pronounced extragradient in lane 4) or
the coexistence of two or more malignant cell clones prior to the
emergence of the dominant clone (lanes 2, 5 and 8). Intraperit-
oneal injection of B106 putative tumor cells to pristane-primed
normal C mice resulted uniformly in the outgrowth of a PCT that
produced the same clonotypic M-spike (indicated by the same
electrophoretic mobility) previously found in the donor mouse
(not shown). This not only demonstrated that the aberrant PCs
had completed malignant transformation, but also showed that
immunoglobulin (Ig) expression is a reliable serum biomarker of
IL6Myc-dependent tumors. Microarray-based global gene expres-
sion profiling demonstrated that PCT exhibited a characteristic
gene expression profile distinct from that of normal untreated
quiescent or activated proliferating B cells (Figure 1f). Principal
component analysis of transcripts confirmed the tight clustering
of tumor samples (n¼ 11) versus B-cell samples (Figure 1g, left). At
a false discovery rate of o0.05, analysis of variance revealed 5047
and 2210 Illumina probesets that showed significant differences
between PCT and quiescent and proliferating B cells, respectively
(Figure 1g, right). PCT-typical changes included upregulation of
cancer-associated genes such as Plk3cg, S100a6 and Vegfa, and
downregulation of B-cell genes such as Bcl6, Cd19 and Faim3
(Figure 1h). A remarkable feature of tumor-bearing C.IL6Myc mice
was the infiltration of the bone marrow with malignant PCs as
determined by flow cytometry. Figure 1i depicts the pathological
accumulation of aberrant CD138þB220� PCs in the femur of one

mouse containing an intermediate-stage PCT (top left) and the
complete replacement of the normal marrow by a wall-to-wall
infiltrate of malignant PCs in the base of the skull of another
mouse with terminal disease (top right and bottom). Micro-CT
analysis produced evidence for profound generalized and
focal bone loss, including osteolytic lesions in long bones
(Supplementary Movies) and separation of cranial sutures as
recently seen in Bcl-XLMyc mice,38 indicating that C.IL6Myc mice
are prone to MM-like bone disease. These results shall be reported
in greater depth in a subsequent paper. These findings
demonstrated the promise of strain C.IL6Myc for preclinical
studies on human MM.

IL6Myc-driven PCTs are readily imaged using FDG-PET
To evaluate the feasibility of employing FDG-PET for the study of
tumor progression in strain C.IL6Myc mice, we performed serial
whole-body imaging of two pairs of age-matched Tg and control

Figure 3. Increased FDG uptake rates in lymphoid tissues of
C.IL6Myc mice undergoing PCT development. (a) Elevated metabolic
activity in three different stages of tumor progression. Included in
the analysis were CLN, ALN, (ILN and MLN as well as SPL. Ages of
mice, which correspond to early (white), mid (hatched) and late
(black) stages of tumor progression, are indicated at the top left. The
number of tissue samples is indicated at the bottom. Regions of
interest defined on PET images were placed in areas of focal FDG
uptake not explained by the physiologic distribution and excretion
of FDG. In cases where the identification of the underlying tissue
was not straightforward, these regions were put in anatomical
context using fused PET/CT images. Metabolic tissue volumes,
Volmetab (top) and maximal standardized uptake values, SUVmax
(bottom), were calculated and mean values were compared using
the two-tailed Mann–Whitney test. Significant differences between
stages of tumor progression (two-tailed Mann–Whitney test) are
indicated as *Po0.05, **Po0.01 and ***Po0.001. (b) FDG uptake in
MLN is correlated with age of mouse. Volmetab (top) and SUVmax

(bottom) were obtained from 34 PET scans of all Tg mice included in
Figure 3 (n¼ 11). Correlation parameters including linear regression
coefficients (r2) and significance values (P) are indicated.
Supplementary Figure 2 presents SUVmean and TLG data on MLN
and Supplementary Figure 3 shows complete results (volume,
SUVmax, SUVmean, TLG) on all other lymphoid tissues included here
(CLN, ALN, ILN and SPL).
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normal mice (Figure 2a, first study). PET imaging began at an early
‘premalignant’ stage of tumor development (day 38 and 41 for
mice 1 and 3, respectively) and ended at the stage of terminal
disease that required killing humane reasons shortly after the final
PET scan (day 143 and 169 for mice 1 and 3, respectively). Spaced
in between the first and last scans, mice were imaged 3 more
times; on days 68, 104 and 114 for mice 1 and 2 and on days 75,
104 and 125 for mice 3 and 4. The complete series of FDG-PET
images of C.IL6Myc mouse 1 is presented in Figure 2b (top; the
corresponding age-matched non-Tg control 2 is shown at the
bottom). Changes very similar to those seen in mouse 1 were seen
in mouse 3 (Supplementary Figure 1, left). End-stage whole-body
tumor burden was visualized in three-dimensional renderings of
the final FDG-PET/CT scan, represented by two different views of
mouse 1 in Figure 2c. Essentially, identical changes were found in
mouse 3 (Supplementary Figure 1, right). Necropsies of mice 1 and
3 performed immediately after the final imaging sessions revealed
gross pathological findings similar to those presented in Figure 1c,
and subsequent histopathological studies confirmed the diagnosis
of PCT. These results provided strong suggestive evidence that
integrated FDG-PET/CT imaging is a quality research tool for
assessing spontaneously arising PCT in strain C.IL6Myc mice.

FDG-PET distinguishes early, intermediate and late stages of
IL6/MYC-driven PCT
The reproducibility of the studies described above was assessed
using the same PET schedule and two newly bred Tg mice 5 and 7
and age-matched controls 6 and 8 (Figure 2a, second study). Base
FDG uptake of mouse 5 was measured at 38 days of age and
tumor-dependent increases in metabolic activity were determined
on days 68, 104, 114 and 152 (Supplementary Figure 1). Mouse 7
was imaged four times (days 38, 72, 101 and 122). The results of
study 2, which generated 19 PET scans, largely confirmed the
findings from the first study involving 20 scans, and also revealed
difficulties in evaluating early stages of tumor progression in a
fully reproducible and accurate manner. To address this problem
and increase the PET data set of early IL6Myc-dependent changes,
7 additional Tg mice were imaged either thrice (9–14) or twice
(15), at approximately monthly intervals between 28 and 106 days
of age (Figure 2a, third study). Normal C mice were no longer
included because the four controls from studies 1 and 2
demonstrated baseline levels of FDG uptake at all time points.
Evaluation of the newly generated images from study 3 (n¼ 20)
permitted not only the detection of early stages of tumor
development with greater confidence, and also led to the
operational division of IL6Myc-driven PCT development into
early (p76 days of age), intermediate (77–104 days) and late
stages (4104 days) of tumor development. These stages will be
used hereafter to quantitatively describe PCT progression using
PET-derived parameters.

FDG-PET parameters permit quantitative analysis of PCT
progression
The 39 serial FDG-PET scans of C.IL6Myc mice from studies 1 to 3
were analyzed in a standardized manner that relies on the
algorithms described in the Methods section. VOIs were drawn in
areas of focal FDG uptake to first determine tissue/lesion size
(Figure 3a, top) and then estimate metabolic activity using the
SUVmax (Figure 3a, bottom). The top panel of Figure 5 depicts the
steady increase in mean volume of lymphoid tissues in the course
of tumor progression, employing (1) three different peripheral
lymph nodes (cervical (CLN), axillary (ALN) and inguinal (ILN)), (2)
the assembly of 6–8 deep abdominal lymph nodes commonly
referred to as the mesenteric node (MLN) and (3) the spleen (SPL).
Volume increases varied considerably among tissues, ranging
from 2.1-fold in case of ALN (11.5mm3 at early stage of tumor
development versus 24mm3 at late stage) to 7.7-fold in case of

MLN (106 vs 817mm3). Elevations in SUVmax showed markedly less
variation in comparisons among sites, indicated by a 1.37-fold
increase (1.78–2.26) in CLN and a 2.26-fold increase (0.695–1.57) in
ALN. These defined the minimal and maximal changes, respec-
tively. Increases in mean SUV (SUVmean) were similarly consistent
among all tissues (Supplementary Figure 2, top). Next, the tissue
volume was multiplied by the SUVmean to estimate the TLG, a
parameter that represents the total metabolic activity of each
lesion. The bottom panel of Supplementary Figure 2 shows that
tumor progression in IL6Myc-Tg mice was accompanied by a
significant increase in TLG in all tissues. Unsurprisingly, if one
considers its large increase in size during tumor development, the
MLN exhibited the highest increase in TLG (12.7-fold). This was
followed by ILN (6.12-fold), ALN (5.03-fold), SPL (4.11-fold) and
CLN (3.81-fold). Linear regression analysis of PET image-derived
measurements of VOI, SUVmax, SUVmean and TLG in the Tg mice
uniformly demonstrated a significant correlation among PET
parameters with age (Supplementary Figure 3). This not only
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strengthened the rationale for defining the three stages of tumor
progression, but also suggested that PCT development is a
continuous process during which tumor cells gradually increase
metabolic activity while accumulating in lymphoid tissues. In
agreement with the results presented in Figures 2b and c and
Supplementary Figure 1, the MLN exhibited the steepest slope in
all regression curves, indicating that tumor-dependent changes in
VOI and SUVmax (Figure 3b) and SUVmean and TLG (Supplementary
Figures 2 and 3) occur in this tissue site with maximum velocity.
These findings provided further evidence for the usefulness of
FDG-PET in assessing IL6Myc-driven tumor progression in a
reproducible, objective manner.

Serum Ig and histopathologic analyses of PCT-bearing mice
validate FDG-PET results
Because serum Ig levels are a well-established molecular
biomarker of MM and related B-lineage neoplasms, serum Ig
levels were determined by enzyme-linked immunosorbent assay.
Figure 4a depicts the steady increase in the three main classes of
serum Ig in the course of IL6Myc-dependent tumor progression.
Compared with normal mice, Tg mice with late stage of disease
exhibited a modest 3-fold increase in IgM levels, a marked 87-fold
increase in IgG levels and a striking B1400-fold increase in IgA
levels. In agreement with the known predilection of B cells from
IL-6 Tg mice to produce IgG1,43 the increase in the levels of this
isotype was greater (155-fold) than that of IgG2b (B84-fold) and
IgG2a (B3-fold, Figure 4b). Serum protein electropherograms of
three representative Tg mice at early, mid and late stages of tumor
development helped to visualize the progressive hyperimmuno-
globulinemia, inevitably resulting in the emergence of M-spikes in
mice harboring incipient tumors (Figure 4c). Histopathologic
analysis of tissue sections was next performed to validate PET-

derived results on PCT progression using an independent method.
The analysis revealed the steady accumulation of aberrant PCs in
tissues, first noted in lymph nodes and spleen, then in the bone
marrow, and finally in nonlymphoid tissues such as liver and
kidney (Figure 5). These findings demonstrated that tumor
progression changes detected by FDG-PET in C.IL6Myc mice are
tightly correlated with increased Ig production and a vast
expansion of the total PC compartment, strongly supporting the
underlying rationale for the PET-based, lesion-specific staging
system of IL6Myc-dependent PCT presented in Supplementary
Figure 4.

FDG-PET enables assessment of objective treatment responses to
proteasome inhibitor ixazomib
To test the possibility that FDG-PET gives us the means to assess
objective myeloma drug responses in PCT-bearing mice in a
preclinical setting, a small pilot study using six mice treated with
the investigational proteasome inhibitor ixazomib (Millennium
Pharmaceuticals, Inc., Cambridge, MA, USA)37,44,45 was performed
(Figure 6a). Following imaging-based tumor diagnosis at 97–106
days of age, the mice were treated with bi-weekly intravenous
injections of 7mg/kg ixazomib—a dose shown to be well
tolerated and effective in a recent study on PCT inhibition in
Bcl-XLMyc mice.38 Follow-up PET scans demonstrated that
ixazomib was remarkably active in 5 of 6 mice (16–20,
Figure 6b), extending overall survival by 91.6 days on average
(range 54–176 days). This corresponded to a near doubling of the
mean life expectancy of treated mice (187.6 days) compared with
untreated controls (96.1 days). The striking reduction in tumor
burden after only three administrations of drug in one represen-
tative case (mouse 17) underscored the activity of ixazomib in
IL6Myc mice (Figure 6c). Drug-induced tumor remission was deep
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in all five responders, but the duration of the response was
variable (range 55–176 days). The most profound and sustained
remission, which lasted for almost 6 months of continuous twice-
weekly treatment, is described in greater detail in Figure 7. In this
case, image-derived parameters, serum IgG2b levels and serum
protein electrophoresis all detected the response to treatment,

but only the imaging method detected the relapse. One mouse
(21), an apparent outlier with regard to drug sensitivity, did not
respond to ixazomib, suggesting primary refractory disease
(Figure 8). The underlying reason, for example, drug-resistant
PCT versus disease heterogeneity in C.IL6Myc mice resulting in
neoplasms other than PCT, remained unknown. These results
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provided proof of principle that FDG-PET is suitable for measuring
preclinical myeloma drug responses in a quantitative, reproduci-
ble and lesion-specific manner.

DISCUSSION
The main result of this study is the validation of FDG-PET as a
preclinical research tool for assessing PCT progression and
treatment responses in C.IL6Myc mice—a strain of mice geneti-
cally predisposed to a type of PC neoplasia that recapitulates

several key features of human MM, including high-level produc-
tion of paraproteins, changes in gene expression that are
comparable to those seen in MM, infiltration of the bone marrow
with malignant PCs and MM-like bone disease. The ability of FDG-
PET to assess IL6Myc-driven tumor development in a serial,
quantitative and stage-specific manner positions us to increase
the value of strain C.IL6Myc for basic and translational myeloma
studies. For example, preclinical evaluation of new strategies for
MM treatment and prevention will no longer be limited to the
widely used but imprecise end points of tumor onset and tumor
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incidence, but will also include tissue- and lesion-specific end
points such as growth rate and metabolic activity of individual
lymph nodes and relative tumor burden in medullary versus
extramedullary tissue sites, as demonstrated in the studies
described here with the proteasome inhibitor ixazomib. Use of
these new end points is likely to increase the relevance of
preclinical mouse MM-related studies and permit us to design
preclinical co-trials of experimental MM drugs that mimic the
circumstances of clinical trials more closely than possible in the
past. The benefits of FDG-PET described above are not restricted
to the C.IL6Myc model of MM, but should apply more generally to
many other mouse models of this common blood cancer.
The findings reported here extend previous work by other

investigators who pioneered the application of FDG-PET for studies
of de novo tumor development in Tg mouse models of human
pancreatic cancer,46 colon cancer47 and thymoma,48 and also
encountered problems that limited the scope of their
investigations. PET imaging in the pancreatic cancer model was
limited to proof-of-principle in terms of tumor detection—no
attempt was made to monitor tumor progression in individual mice
in a quantitative, objective manner. In the colon cancer model,
adenomas could only be visualized upon PET imaging ex vivo, as
lesion-specific imaging in vivo was not feasible.47 The study on
thymomas was inadvertently handicapped by the anatomic
location of the thymus in close proximity to the heart—a tissue
with major physiologic uptake of FDG that tends to overwhelm the
comparably small changes in metabolic activity (FDG uptake) of
nearby tissues. The FDG-PET approach used in the present study
has overcome the shortcomings noted above. Our results are
reliable because the PET-based findings on PCT development were
confirmed by serum biomarker analysis (serum Ig levels; detection
of paraproteins) and histopathological findings (tumor progression
score). Indeed, the convergence of image-dependent and -
independent results supports the contention that FDG-PET imaging
of IL6Myc-dependent tumors recapitulates many features of MM
imaging, including tumor staging, in the clinic.
This study also has limitations that must be addressed in future

work. Compared with the wealth and sophistication of imaging
methods available for patients with MM, the sole reliance here on
one method, FDG-PET, is a reminder that preclinical imaging of
PCT in mice is in its infancy. In imaging MM, MRI supplements PET
in more ways than one; for example, MRI is viewed by many as
superior in detecting active MM,49 and new modifications of MRI,
such as diffusion-weighted and dynamic contrast-enhanced
imaging,50 promise further improvement in the near future.
Inclusion of micro-MRI, which is available for small laboratory
animal imaging, is therefore warranted for future imaging studies
of C.IL6Myc mice. Similarly, considering that CT is an established
imaging method for assessing MM bone disease, micro-CT should
be routinely included in future research on IL6Myc-dependent
bone disease. Finally, with regard to PET tracers other than 18F-
FDG, 18F-FLT (tracer of cell proliferation), 18F-NaF (tracer of bone
formation) and 11C-methionine (tracer of protein synthesis)51 all
show potential for enhanced MM imaging in the clinic but have
not been evaluated in mouse models of MM. Our preliminary
experience with FLT in C.IL6Myc mice resulted in disappointment
thus far, agreeing with published findings on generally low uptake
of FLT in mouse due to competition with high thymidine serum
levels.52 Experiences of this sort suggest that it may be naive to
expect that imaging modalities optimized for human MM can be
readily adopted for preclinical MM imaging. Instead, additional
research is warranted to work out optimal imaging protocols for
mouse models of MM.
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