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Diffuse large B-cell lymphoma (DLBCL) is the most common
lymphoma in adults. DLBCL exhibits highly aggressive and systemic
progression into multiple tissues in patients, particularly in lymph
nodes. Whole-body 18F-fluodeoxyglucose positron emission tomog-
raphy ([18F]FDG-PET) imaging has an essential role in diagnosing
DLBCL in the clinic; however, [18F]FDG-PET often faces difficulty in
differentiating malignant tissues from certain nonmalignant tissues
with high glucose uptake. We have developed a PET imaging strat-
egy for DLBCL that targets poly[ADP ribose] polymerase 1 (PARP1),
the expression of which has been found to bemuch higher in DLBCL
than in healthy tissues. In a syngeneic DLBCL mouse model, this
PARP1-targeted PET imaging approach allowed us to discriminate
between malignant and inflamed lymph nodes, whereas [18F]FDG-
PET failed to do so. Our PARP1-targeted PET imaging approach may
be an attractive addition to the current PET imaging strategy to
differentiate inflammation from malignancy in DLBCL.
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Diffuse large B-cell lymphoma (DLBCL) is the most common
adult lymphoma, accounting for 37% of all cases of non-

Hodgkin lymphoma in the United States (1). The current
standard-of-care treatment is R-CHOP, consisting of a targeted
antibody against CD20 (rituximab) and four chemotherapeutic
drugs: cyclophosphamide, doxorubicin hydrochloride, vincristine
sulfate, and prednisone. Although R-CHOP is curative in ap-
proximately 50% of patients with DLBCL, refractory or relapsed
cases have a very poor prognosis and require timely medical
interventions (2). Therefore, accurate and sensitive diagnostic
methods play pivotal roles in improving the clinical outcome of
DLBCL (3).
At early stages, DLBCL infiltrates lymphatic tissues, such as

lymph nodes, spleen, and bone marrow, across the body; at ad-
vanced stages, DLBCL tends to metastasize to nonlymphatic tis-
sues, including brain and spinal cord, as well as to many other
tissues (4). To address the systemic nature of DLBCL, whole-body
imaging techniques, such as positron emission tomography (PET),
computed tomography (CT), and magnetic resonance imaging
(MRI), were adopted to improve the diagnosis and disease staging
of DLBCL (5). PET imaging is an important imaging modality for
diagnosing DLBCL owing to its high sensitivity, short acquisition
time, and availability of several imaging probes (6, 7). Particularly
for DLBCL, 18F-fluorodeoxyglucose positron emission tomography
([18F]FDG-PET) imaging is the current standard for diagnosis,
because the fast-proliferating lymphoma cells consume high levels
of glucose and incorporate large amounts of [18F]FDG (8).
The [18F]FDG tracer has been shown to be a reliable di-

agnostic tool for detection of DLBCL (6, 9), identification of
bone marrow metastasis (10, 11), and monitoring of therapy (12).
However, the reliability of [18F]FDG-PET can be affected by
uptake of the tracer by nonmalignant tissues that also consume

high levels of glucose. For example, inflamed lymph nodes are
rich in immune cells with high [18F]FDG uptake, which can
produce high [18F]FDG-PET signals and result in a false-positive
diagnosis of DLBCL (13, 14).
In addition, several immunotherapies, particularly checkpoint

inhibitors (15) and chimeric antigen receptor T cells (16), have
shown great efficacy in refractory/relapsed DLBCL and are likely
to receive clinical approval in the near future. These immuno-
therapies can induce inflammation-driven “pseudoprogression,”
which cannot be easily distinguished from true tumor progres-
sion with [18F]FDG-PET (17). Thus, there is an unmet clinical
need for an imaging approach that can distinguish malignant
tissues from inflammatory tissues. Such a method would reduce
the frequency of biopsies, provide accurate monitoring of ther-
apy, and increase the precision of surgical interventions.
In response to this need, we have developed a PET imaging

strategy based on a potential new DLBCL biomarker. We found
that DLBCL expresses much higher levels of poly[ADP-ribose]
polymerase 1 (PARP1) than all other major cancer types, as well
as healthy tissues in humans. In a mouse DLBCL model, we used
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a PARP1-targeted PET imaging probe to accurately differentiate
malignant from normal or inflamed lymph nodes with both
noninvasive PET/CT imaging and ex vivo γ-counting. Clinically
established [18F]FDG-PET failed to distinguish malignancy from
inflammation in the same settings. Our PARP1-targeted PET
imaging approach is an attractive addition to PET imaging for
DLBCL, particularly when inflammation poses a high risk of
misdiagnosis of the disease.

Results
PARP1 Expression in DLBCL. According to The Cancer Genome
Atlas (TCGA) database (18), human DLBCL expresses the
highest levels of PARP1 among all major cancer types (Fig. 1A).
Using the Cancer Cell Line Encyclopedia (19), we also found
that the average PARP1 expression of 18 DLBCL-derived hu-
man cell lines was higher than the average expression of cell lines
from other major human cancers (Fig. 1B). Finally, we found
that seven selected DLBCL cell lines expressed higher levels of
PARP1 protein than normal human B cells (Fig. 1C). These data
suggest that PARP1 is a potential target to help differentiate
DLBCL from normal tissues in humans.

A DLBCL Mouse Model Mimicking Human Disease. To evaluate
PARP1 as a potential diagnostic marker for DLBCL, we created
an animal model that closely simulates the human disease. Pre-
vious studies have identified MYC and BCL2 as two essential
oncogenes to drive the pathogenesis of DLBCL (20–22). In our
model, we used retroviral infection to introduce the murine Myc
oncogene into hematopoietic precursor cells (HPCs) with the
oncogene Bcl2 driven by the Vav promoter (23). HPCs express-
ing Myc and Bcl2 proteins were transplanted into sublethally
irradiated immunocompetent C57BL/6 (B6) mice, so that a
disease with an identical genetic makeup as its human counter-
part could be established in the animals. The expression of red
fluorescent protein (RFP) is linked to that of Myc to track the
progeny cells derived from the transplanted HPCs (Fig. 2A). At
20 d after HPC transplantation, the animals exhibited an ∼10%
loss of body weight, splenomegaly, lymphadenopathy, low blood
hemoglobin levels, elevated white blood cell counts, and de-
creased blood platelets, all of which are similar to human
DLBCL (24) (Fig. S1 A–F). As in human DLBCL (Fig. 1B),
lymphoma cells from DLBCL mouse spleens expressed much
higher levels of PARP1 compared with spleens from healthy

A

B C

Fig. 1. DLBCL highly expresses PARP1. (A) PARP1 mRNA levels in human cancers. The data were collected from TCGA. One sample in the DLBCL group is
outside of the upper limit of the y-axis, with a value of 35,575. (B) PARP1 mRNA levels in human cancer cell lines. The data were derived from the Cancer Cell
Line Encyclopedia from the Broad Institute. In A and B, the middle bars represent the median value, and error bars represent IQR. (C) PARP1 protein ex-
pression levels in human B-cell lymphoma cell lines and primary human B cells.
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B6 mice (Fig. 2B). In addition, >90% of immune cells in the
lymphatic tissues of DLBCL mice expressed RFP, confirming
their origin as the transplanted HPCs (Fig. 2C and Fig. S1G). In
DLBCL lymph nodes, >90% of the area of the tissue sections
was stained positive with RFP (Fig. 2D), and the integrity of
germinal centers was lost (Fig. S1H), demonstrating massive
lymphoma penetration. Finally, the area that stained positive
with PARP1 was significantly higher in DLBCL lymph nodes
than in the healthy controls (Fig. 2E; P < 0.05). These data
demonstrate that our animal model accurately recapitulates the
physiopathology and genetic makeup of human DLBCL, par-
ticularly the high PARP1 levels in the disease.

Evaluation of PARP1 as a DLBCL Diagnostic Marker. To test the
feasibility of PARP1 imaging in DLBCL, we used a fluorescent
PARP1-targeted imaging probe, PARPi-FL (25–27). PARPi-FL
is based on the PARP-specific inhibitor olaparib, a Food and
Drug Administration-approved drug for treating ovarian, lung,
and breast cancer with BRCA mutations (28) (Fig. 3A). PARPi-
FL has been shown to specifically target PARP1 in glioblastoma,
oral cancers, lung cancers, and other types of cancer (25, 26, 29,
30). We first tested whether PARPi-FL accumulated in a
PARP1-specific manner in lymph nodes and spleens of DLBCL
mice, because of their high PARP1 expression levels. Using a
spectrofluorimetric protocol (31) (Fig. 3B), we found that
PARPi-FL accumulated at higher levels in the tissues of DLBCL
mice compared with healthy B6 mice (Fig. 3 C–E). Furthermore,
preexposure to olaparib significantly reduced PARPi-FL accu-
mulation, corroborating that the observed retention was PARP1-
specific (Fig. 3F). Finally, immunofluorescence confirmed the
PARP1-specific nature of PARPi-FL accumulation in the nuclei
of PARP1+ cells in the lymph nodes (Fig. 3G) and spleens (Fig.
S2 A–C), as preexposure with olaparib diminished retention of
the signal in PARP1-expressing nuclei.
PARPi-FL accumulation in cells derived from lymph node tissue

and spleens was quantified with flow cytometry by measuring the

fluorescent signal of PARPi-FL in single cells (Fig. 3H). Flow
cytometry analysis revealed that B220+ B-like cells composed >84%
of all immune cells (CD45+) in the lymph nodes and spleens of
DLBCL mice (Fig. 3I), suggesting that DLBCL is fully established
in these tissues. We also found greater PARPi-FL accumulation in
B lymphoma cells from DLBCL mice than in B cells from healthy
B6 mice (Fig. 3J). Most importantly, preblocking with olaparib
reduced the PARPi-FL accumulation in these cells by 96–99%,
further indicating that the imaging agent accumulation was
PARP1-specific. These data demonstrate that PARP1-targeted
imaging probes can be used to evaluate PARP1 expression at
tissue and single-cell levels in DLBCL.

Measuring PARP1-Specific Radioactive Probe Accumulation at Single-Cell
Levels. [18F]PARPi, a 18F-fluorinated PARP-specific probe based
on olaparib, has been shown to have excellent retention in PARP1-
expressing tumors, as well as good pharmacokinetics (32) (Fig. 4A).
In a proof-of-concept study, we sought to measure the specific
accumulation of the probe on the single-cell level. We collected the
blood of DLBCL mice injected with [18F]PARPi and isolated both
B lymphoma cells and neutrophils by magnetic-activated cell sort-
ing (MACS). We then measured the total radioactivity of the pu-
rified cells and enumerated the cells by flow cytometry (Fig. 4B).
This protocol generated sufficient cells to produce a high signal in
γ-counting (Fig. S3A). We chose neutrophils as a reference because
the cells are known to express low levels of PARP1 (33) and thus
would be expected to accumulate less [18F]PARPi. We devised a
flow cytometry protocol to identify and calculate the numbers of B
lymphoma cells and neutrophils in the decayed cell suspension (Fig.
S3B). The flow cytometry results showed that our MACS pro-
cedure produced >96% purity of the isolated B cells and
>98% purity of the isolated neutrophils (Fig. 4C). As expected,
[18F]PARPi accumulated at higher levels in B lymphoma cells
than in neutrophils (P < 0.001) (Fig. 4D). Preexposure with ola-
parib reduced [18F]PARPi accumulation in these cells by >99%
(Fig. 4D), in line with the results found with PARPi-FL (Fig. 3J).
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Fig. 2. A mouse DLBCL model recapitulates the pathophysiology of human DLBCL. (A) Schematic depiction of the development of the mouse model that
mimics human DLBCL. (B) Western blot analysis showing higher PARP1 expression levels in DLBCL cells from mouse spleens compared with B cells from
B6 mouse spleens. (C) Representative flow cytometry graphs showing that most immune cells (CD45+) in DLBCL mice express RFP and thus are derived from
the transplanted HPCs. (D) Immunohistochemistry showing that the lymph nodes of DLBCL mice (n = 5) are larger than those of B6 mice (n = 5), and that most
cells express RFP. (E) Immunohistochemistry results for the adjacent slides showing higher PARP1 expression levels in the lymph nodes of DLBCL mice (n = 5)
compared with B6 mice (n = 5). Error bars represent SEM. *P < 0.05, ****P < 0.0001, nonparametric Student’s t test.
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We then compared the differential accumulation of [18F]PARPi
and PARPi-FL in B lymphoma cells and neutrophils, and used
these results to calculate the average percentage of injected dose
per billion cells in DLBCL mice (%ID/109 cells) (Fig. 4E). Both
tracers showed higher accumulation in B lymphoma cells than in
neutrophils, with similar ratios of difference (Fig. 4E). These data
therefore provide quantitative cell type-specific measurement of
a radioactive imaging probe at the single-cell level in animals.
[18F]PARPi shares the same PARP1 specificity as PARPi-FL in
our DLBCL animal model.

PARP1-Targeted PET Imaging for DLBCL Diagnosis. PET/CT imaging is
the current standard for diagnosing and monitoring DLBCL (34).
To test whether [18F]PARPi is a feasible PET imaging probe for
DLBCL, we first measured its specificity in our DLBCL mouse
model. We performed [18F]PARPi PET/CT imaging (Fig. 4F) on
DLBCL mice (n = 7), B6 mice (n = 4), and DLBCL mice pre-
injected with olaparib (500 μg, 1.15 μmol; n = 4). Compared with
B6 mice, DLBCL mice exhibited a 5.6-fold increase in PET signal

in their lymph nodes (P = 0.002). Preinjection of olaparib de-
creased the accumulation by 87% (P = 0.0012), demonstrating
that [18F]PARPi accumulation was specific to PARP1 (Fig. 4 F
and G). This PARP1-specific accumulation was found in B6
mouse lymph nodes, which express relatively high levels of PARP1
as well (Fig. S3 C and D). Furthermore, the ex vivo radioactivity
measurement with γ-counting linearly agreed with the in vivo
PET/CT reading, demonstrating the highly quantitative rigor of
this approach (Fig. 4H). Finally, the total amount of [18F]PARPi
per DLBCL lymph node was 10-fold higher than that in B6 lymph
nodes (P = 0.0028) (Fig. 4I). These data demonstrate that
PARP1-targeted PET imaging can accurately differentiate malig-
nant DLBCL lymph nodes from the normal lymph nodes.
We then performed comparative biodistribution of [18F]PARPi

in DLBCL mice, B6 mice, and DLBCL mice preinjected with
olaparib (500 μg, 1.15 μmol). Significantly higher [18F]PARPi
retention was seen in most tissues of the DLBCL mice compared
with the B6 mice (Fig. S4A). Importantly, the high accumulation
in DLBCL tissues could be blocked by preinjection of olaparib,
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Fig. 4. Use of a PARP1-targeted radioactive agent to detect DLBCL at single-cell and whole-body levels. (A) Physiochemical properties of the [18F]PARPi
probe. (B) Schema of the procedure for measuring average [18F]PARPi accumulation per cell in blood B lymphoma cells. (C) Flow cytometry of the final step of
this experiment showing high purity of isolated B cells (>96%) and neutrophils (>98%). (D) Accumulation of [18F]PARPi at the single-cell level, presented as %
ID/109 cells. The average accumulation of [18F]PARPi per cell was measured in nonpurified white blood cells, purified B cells, and purified neutrophils. Pre-
injection of olaparib reduced the accumulation by 99%. The numbers over the short bars indicate the value of the bars. (E) Comparison of [18F]PARPi and
PARPi-FL accumulation in B cells and neutrophils from the blood of DLBCL mice (n = 7 for [18F]PARPi; n = 4 for PARPi-FL), demonstrating similar specificity of
the two PARP1-targeted probes. (F) Representative [18F]PARPi PET (Left) and PET/CT (Right) hybrid images of DLBCL mice (n = 7), B6 mice (n = 4), and DLBCL
mice preexposed to olaparib (n = 4). (G) Quantification of PET signals in lymph nodes. The signal was calculated by averaging the maximal signals of five
consecutive axial slices (1 mm thick) that cover superficial cervical lymph nodes. (H) Correlation of radioactivity measurement between in vivo PET imaging
and ex vivo γ-counting (n = 7). Pearson correlation was used to calculate statistics and correlation coefficients. (I) Accumulation of [18F]PARPi in lymph nodes in
DLBCL mice (n = 9) and B6 mice (n = 4) as measured by ex vivo γ-counting. Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001,
nonparametric Student’s t test.
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Fig. 5. PARP1-targeted PET imaging differentiates malignant from inflamed lymph nodes. (A) Representative [18F]FDG PET (Left) and [18F]PARPi (Right)
images of DLBCL mice (n = 3 for [18F]FDG; n = 5 for [18F]PARPi), B6 mice with inflamed lymph nodes (n = 3 for [18F]FDG; n = 5 for [18F]PARPi), and B6 mice with
normal lymph nodes (n = 3 for [18F]FDG; n = 5 for [18F]PARPi). (B) Representative autoradiographic images of five selected tissues from the three groups of
mice injected with [18F]FDG PET. (C) Ex vivo γ-counting of lymph node radioactivity from DLBCL mice (n = 5), B6 mice with inflamed lymph nodes (n = 5), and
normal B6 (n = 5) injected with [18F]FDG. (D) Quantification of [18F]PARPi PET signal in lymph nodes from DLBCL mice (n = 5), B6 mice with inflamed lymph
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normal B6 mice (n = 5) injected with [18F]PARPi. (F) Representative PARP1 immunostaining images of lymph nodes from DLBCL mice (n = 10), B6 mice with
local inflammation (n = 10), and normal B6 mice (n = 10).
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demonstrating that the retention was PARP1-specific and sug-
gesting that infiltration of B lymphoma cells as the cause of
the greater [18F]PARPi retention (Fig. S4A). To confirm this, we
focused on lymph nodes, spleen, salivary glands, liver, and pan-
creas. In B6 mice, lymph nodes, spleen, and salivary glands, but
not liver and pancreas, showed PARP1-specific accumulation
of [18F]PARPi (Fig. S4 B and C). In contrast, in DLBCL mice,
all five tissues displayed greater [18F]PARPi accumulation (Fig.
S4 A and C). In all five DLBCL tissues, the cells rich in
PARP1 also expressed RFP, the genetic tag of B lymphoma
cells, demonstrating that the high PARP1-specific accumula-
tion of [18F]PARPi was a direct result of B lymphoma cell in-
filtration (Fig. S4D). These data suggest that [18F]PARPi, along
with being an appealing PET imaging probe, also can be used to
monitor the metastatic progression of DLBCL in multiple
tissues.

PARP1-Targeted PET Imaging to Differentiate Malignant from Inflamed
Lymph Nodes. Because of the high uptake of glucose exhibited by
inflammatory immune cells in the tissues, [18F]FDG-PET has
difficulty distinguishing inflammation from true malignancy in
lymph nodes. Although B cells express rather high levels of
PARP1 among the major immune cell types themselves (33),
DLBCL cells express higher levels of PARP1 than normal B cells
(Figs. 1 and 2). Therefore, we hypothesized that PARP1-targeted
PET imaging could exploit this biological difference and differ-
entiate malignant from inflamed lymph nodes in vivo.
We induced inflammation in superficial cervical lymph nodes by

systemically injecting Flt3L, a peptide that induces dendritic cell
production (35), and locally injecting Poly-IC around these lymph
nodes of B6 mice to induce regional inflammation. Lymph nodes
derived from this mouse model exhibited larger volumes (Fig.
S5A) but intact structure (Fig. S5B) compared with the normal
nodes, demonstrating the established inflammation. We first
performed [18F]FDG PET/CT imaging in DLBCL mice, B6 mice
with inflamed lymph nodes, and normal B6 mice, and found
greater [18F]FDG uptake in nonlymphatic tissues around the head
and neck area than in lymph nodes (Fig. 5A). Autoradiography
confirmed the PET imaging results by showing high uptake of
[18F]FDG in the salivary glands and brain in mice with inflamed
lymph nodes (Fig. 5B), consistent with ex vivo γ-counting (Fig.
S5C). Importantly, inflamed lymph nodes had identical [18F]FDG
uptake levels as DLBCL lymph nodes, demonstrating the inability
of [18F]FDG-PET to differentiate inflammation from malignancy
in DLBCL lymph nodes (Fig. 5C).
We then performed [18F]PARPi-PET/CT imaging in DLBCL

mice, B6 mice with inflamed lymph nodes, and normal B6 mice.
The PARP1-targeted imaging clearly differentiated the malignant
lymph nodes from either inflamed or normal nodes (Fig. 5A).
Compared with the high background of [18F]FDG-PET imaging in
the head and neck area, the low uptake of [18F]PARPi in other
nonlymphatic tissues highlighted malignant lymph nodes (Fig.
5A). Quantification of PET imaging revealed a 76% higher signal
in malignant lymph nodes than in inflamed nodes (P < 0.001) and
a 152% higher signal than in normal nodes (P < 0.0001) (Fig. 5D).
Compared with normal lymph nodes, inflamed nodes showed only
a modest increase in [18F]PARPi-PET signal (P < 0.01), and this
increase was not significant on ex vivo γ-counting (P = 0.078) (Fig.
5 D and E). Quantitative biodistribution confirmed significantly
greater [18F]PARPi accumulation in lymph nodes and spleens
from DLBCL mice compared with those from the other two
groups (Fig. S5D). Finally, immunostaining of lymph nodes from
the three groups of mice showed that DLBCL lymph nodes dis-
played consistently high PARP1 expression across the whole tis-
sue, whereas inflamed and normal lymph nodes showed much
lower PARP1 expression confined to germinal centers (Fig. 5F).
Taken together, these results demonstrate that PARP1-targeted
PET imaging can accurately differentiate malignant from inflamed

or normal lymph nodes in DLBCL, owing to the differential ex-
pression of PARP1 in these conditions.

Discussion
In this study, we found that DLBCL cells expressed higher levels
of PARP1 than other types of cancer cells and normal B cells,
identifying this nuclear DNA repair enzyme as a potential diagnostic
marker for DLBCL (Fig. 1). We tested two PARP1-targeted im-
aging probes in a DLBCL mouse model that accurately mimics the
physiopathology and genetic makeup of human DLBCL (Fig. 2).
In DLBCL mice, the two probes specifically targeted PARP1
(Fig. 3), identified malignancies in lymph nodes (Fig. 4), and de-
tected metastases in multiple tissues (Fig. S4). Finally, a direct
comparison of our PARP1-targeted PET imaging approach with
[18F]FDG-PET imaging demonstrated that our approach clearly
differentiated malignant from inflamed lymph nodes, whereas
the current standard-of-care [18F]FDG-PET imaging failed to do
so (Fig. 5).
The high glucose uptake of certain nonmalignant cells in

inflamed lymph nodes produces a high [18F]FDG-PET signal,
which has been shown to lead to false-positive results in the
posttreatment setting (13, 14, 36). For example, Moskowitz et al.
(37) reported a very low positive predictive value of [18F]FDG
PET/CT for the presence of viable lymphoma after R-CHOP
therapy; only 5 of 38 patients with a positive [18F]FDG PET/
CT after treatment demonstrated viable lymphoma on histology.
Furthermore, PET-positive and PET-negative patients demon-
strated identical progression-free survival. False-positive results
on [18F]FDG PET/CT are expected to increase in the future
owing to the increasing use of immunotherapy, which may cause
“pseudoprogression” on FDG PET/CT, i.e., the appearance of
new lesions or increased metabolic activity of existing lesions due
to an inflammatory reaction triggered by the immunotherapy
(38). Therefore, the international criteria for treatment moni-
toring in lymphoma have recently been revised to include an
“indeterminate response” category. Our experimental data sug-
gest that in this setting, PARP1 could be an alternative imaging
target that allows for better separation between tumor and in-
flammation and thus more accurate assessment of tumor re-
sponse to therapy.
Our mouse model recapitulates a prevalent genetic makeup of

DLBCL pathogenesis, namely MYC and BCL2 double alter-
ation.MYC and BCL2 are two of the most common oncogenes in
DLBCL, and they drive the pathogenesis of the disease (21, 22).
In addition, the DLBCL mice in this study exhibited loss of body
weight, splenomegaly, lymphadenopathy, low blood hemoglobin
levels, elevated white blood cell counts, and decreased blood
platelet counts, all of which accurately mimic the pathophysio-
logical symptoms of human DLBCL (24). Many previous lym-
phoma PET imaging studies used xenograft lymphoma tumors in
immunocompromised mice (39–42). Our study conducted in this
elaborate DLBCL mouse model more accurately simulates the
clinical scenario than those studies.
Despite the importance of measuring the accumulation of

tracers on the cellular level in animals, doing so is a challenge
when using 18F-labeled imaging agents, which generally produce
extremely low radioactivity per cell and are constrained by the
short decay half-life of 18F (109.8 min) (43, 44). We have devised a
protocol that combines MACS, γ-counting, and flow cytometry
(Fig. 4B). Using this approach, we report the percentage of in-
jected dose of 18F radiotracer per billion cells (%ID/109 cells) in
animals. With our method, one could deduce the number of tracer
molecules per cell, calculate the Bmax, and measure the radiation
exposure of each cell. In addition, [18F]PARPi has been shown to
efficiently target PARP1-expressing tumor cells in a glioblastoma
mouse model (32). Combined with hybrid imaging modalities fea-
turing enhanced soft tissue contrast (e.g., PET/MRI, PET/CT) (45),
this imaging probe could complement the current standard-of-care
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imaging for DLBCL to also detect DLBCL invasion in the central
nervous system.
Despite the ability of [18F]PARPi to detect DLBCL metastases

with high contrast ratios shown in our ex vivo analyses (Fig. 5), the
limited PET resolution of our preclinical PET/CT scanner
(1∼2 mm) precluded detection of small, infiltrative lesions in vivo.
Nevertheless, with a three orders of magnitude increase in body
mass (and volume) when translating [18F]PARPi to the clinic, we
hypothesize that [18F]PARPi-PET/CT imaging may be able to
monitor the metastases of DLBCL noninvasively in most patient
tissues. Similarly, although the accumulation of [18F]PARPi in the
hepatobiliary system is high in mice, the use of a recently trans-
lated PARP1 tracer suggests that imaging of abdominal metasta-
ses with [18F]PARPi might be feasible in humans (46). In addition,
preclinical studies have suggested that PARP inhibitors can be
used to treat DLBCL (47, 48), and two ongoing clinical trials
(NCT00576654 and NCT01366144) are testing PARP inhibitors to
treat patients with DLBCL. We envision that our PARP1-targeted
PET imaging potentially could be adapted to select and monitor
patients with DLBCL lesions expressing high levels of PARP1 who
could especially benefit from PARP inhibitor therapies.
Moving forward, we would like to evaluate the capability of our

PARP1-targeted PET imaging in assessing cancer immunother-
apies for DLBCL. Cancer immunotherapies often induce massive
immune cell infiltration and consequently cause pronounced in-
flammation in tumors, increasing local metabolism levels (49). This
inflammatory phenomenon presents tremendous challenges for the
traditional therapeutic response evaluation methods, which often
use a high metabolic rate as an indicator for cancer progression
(50, 51). For DLBCL, immunotherapies such as checkpoint in-
hibitors (15) and CAR-T-cell therapy (16) are rapidly advancing in
clinical development. An imaging method that can differentiate
inflammation from malignancy is needed to evaluate the clinical
efficacy of these new therapies. In this case, our PARP1-targeted
PET imaging approach appears to be an appealing solution to this
urgent need.
In conclusion, we have identified PARP1 as a potential diagnostic

marker for DLBCL from patient samples, and have developed a
PARP1-targeted PET imaging approach that shows greater sensi-
tivity than the current standard-of-care [18F]FDG-PET imaging in
differentiating malignant lymph nodes from inflamed or normal
lymph nodes. This targeted PET imaging approach has the po-
tential to shift the paradigm of PET imaging in DLBCL.

Materials and Methods
PARP1 Expression Data in Human Tissues and Cell Lines. For PAPR1 expression
in human cancer samples, data were downloaded from cBioportal (www.
cbioportal.org/), which imported the raw sequencing data from TCGA
(https://cancergenome.nih.gov/) (18). PARP1 mRNA expression levels were
analyzed in 9,129 patient samples. All available PARP1 mRNA data as of June
2016 were downloaded and transformed to a plot with GraphPad Prism 6.
For PARP1 expression in human cancer cell lines, data were downloaded
from the Cancer Cell Line Encyclopedia (http://www.broadinstitute.org/ccle).
Similarly, all available PARP1 mRNA expression data from 1,036 cancer cell
lines were downloaded in June 2016.

Generation of the DLBCL Animal Model. All animal experiments were approved
by the Institutional Animal Care and Use Committee of Memorial Sloan Ket-
tering Cancer Center. The 8- to 16-wk-old female C57BL/6 (B6) mice used in
these experiments were purchased from Jackson Laboratories. vavP-Bcl2
transgenic fetal liver cells were obtained from vavP-Bcl2 heterozygous animals
at embryonic day 14.5. The HPCs were grown in vitro for 4 d in a specially
adapted growth medium as described previously (52) and then retrovirally
transduced with MSCV vectors directing the expression of Myc-IRES-Rfp. The
HPCs were transplanted into sublethally irradiated wild-type recipients, and
the onset of disease was monitored twice weekly by palpation.

Spectrofluorimetry. DLBCL mice were injected i.v. with 50 μg of PARPi-FL, with
or without 500 μg of olaparib injected 30 min before the PARPi-FL injection.
Animals were killed at 2.5 h after the injection and then perfused with 20 mL

PBS. Lymph nodes and spleens were collected, weighed, and stored in 500 μL
of RIPA lysis buffer (Boston Bioproducts) in bead-filled homogenizing vials
(Lysing Matrix D, 6913–050; MP Biomedicals). Tissues were homogenized in
an MP homogenizer (MP Biomedicals). Then 200 μL of homogenate was
transferred to a new 1.5-mL tube, and 750 μL of acetonitrile, 200 μL of water,
and 50 μL of 10% Triton X-100 (vol/vol) were added to the vials. The vials
were vortexed for 60 s, incubated at 4 °C for 16 h, and then centrifuged at
15,000 × g for 20 min. Then 200 μL of supernatant was collected for analysis.
In a plate reader (SpectraMax; Molecular Devices), the solution was excited
at 507 nm, and the fluorescent signal was measured at 530 nm. The con-
centration of PARPi-FL in the solution was calculated by comparing the
readings to standards with various concentrations of PARPi-FL. The total
amount of PARPi-FL in the original tissues was calculated, and the accu-
mulation was recorded as the percentage of injected dose of PARPi-FL per
gram of tissue (%ID/g).

Flow Cytometry. Previously established protocols were adapted to analyze the
tissues in this study (53). In brief, at 2.5 h after i.v. injection of PARPi-FL, blood
was collected in EDTA-treated tubes, and the mice were perfused with 20 mL
of PBS. For the PARP1-blocking experiments, 500 μg of olaparib was injected
i.v. into the mice at 30 min before the injection of PARPi-FL. Then lymph
nodes, bone marrow, and spleen were collected and gently diced. A single-
cell suspension was created by removing tissue aggregates, extracellular
matrix, and cell debris from the solution. Red blood cells were removed from
the blood sample using a red blood cell lysis buffer (Biolegend; 420301).
PARPi-FL was detected on the FITC channel. B cells, T cells, neutrophils, and
other myeloid cells were identified using antibodies specific to CD45 (clone
30-F11), CD11b (clone M1/70), CD11c (clone N418), B220 (clone RA3-6B2),
and CD3 (clone 145–2C11). These antibodies were purchased from eBio-
science and Biolegend. The FITC channel of the flow cytometer was cali-
brated using FITC calibration beads (Spherotech; ECFP-F1-3), and FITC
channel variation was corrected by normalizing to the beads’ signal. All
samples were analyzed using a LSRFortessa flow cytometer (BD Biosciences).
The results were analyzed with FlowJo (Ashland), and statistics were calcu-
lated with Prism (GraphPad).

Micro PET/CT Imaging. Mice were injected with [18F]PARPi or [18F]FDG at a dose
of ≈300 μCi/mouse, and the mice were imaged on an Inveon small-animal
micro-PET/CT scanner (Siemens Healthineers Global) under isoflurane-
induced (Baxter Healthcare) anesthesia at 2 h after the radioactive tracer in-
jection. For PARP1 blocking experiments, 500 μg of olaparib was injected i.v.
into the mice at 30 min before the injection of [18F]PARPi. Whole-body static
PET scans were recorded for 15 min, with ∼50 million coincidence events. The
imaging data were normalized to correct for nonuniform PET response, dead-
time count losses, positron branching ratio, and physical decay to the time of
injection, but with no attenuation, scatter, or partial-volume averaging cor-
rection applied. The counting rates in the reconstructed images were con-
verted to activity concentrations (%ID/g) using a system calibration factor
derived from imaging a mouse-sized water-equivalent phantom containing
18F. Images were analyzed using an Inveon Research Workspace (Siemens
Healthineers Global). Activity concentration was quantified by averaging the
maximal values of at least five regions of interest drawn on consecutive slices
of the chosen organs.

Radioactive Cell Sorting. DLBCL mice were injected with [18F]PARPi at a dose
of ≈300 μCi per animal. For PARP1 blocking experiments, 500 μg of olaparib
was injected i.v. 30 min before the injection of [18F]PARPi. At 2.5 h after the
[18F]PARPi injection, the mice were killed, and 500 μL of blood was collected
and stored in tubes prefilled with EDTA. Red blood cells were removed as
described above. The enriched white blood cells were purified following
standard MACS procedures as specified by the device manufacturer (Miltenyi
Biotec). In brief, the white blood cells were incubated with anti-B220 (Mil-
tenyi Biotec; 30–049-501) or anti-Ly6G (Miltenyi Biotec; 130–092-332) anti-
bodies conjugated with paramagnetic beads for 30 min. After a washing
with flow cytometry buffer, the solution was passed through a magnetic
column, followed by another washing with buffer. Finally, cells with bound
antibodies were eluted from the columns. The cells were then immediately
stained with a mixture of antibodies recognizing CD45, CD11b, Ly6G, and
B220. After the staining, cells were fixed (00–8222-49; eBioscience) and their
radioactivity was measured with a γ-counter (PerkinElmer) and decay-
corrected. After counting, the stained cells were left at 4 °C for 24 h
(>10 decay half-life times for 18F fluorine) for the decay of 18F. After ra-
dioactivity decay, counting beads were added to the cell suspension to allow
for analysis of the purity and the numbers of cells in each sample with an
LSRFortessa flow cytometer (BD Biosciences). Finally, the percentage of
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injected dose per billion cells (%ID/109 cells) was calculated using the fol-
lowing formula: average percentage of injected dose of [18F]PARPi per
purified billion cells in a tube (%ID/109 cells) = percentage of decay-
corrected injected dose (%ID)/the number of cells in that tube.

Statistics. PARP1 mRNA expression data of patient samples and human
cancer-derived cell lines are presented as median with IQR. Other data are
presented as mean with SEM or SD as error bars. A nonparametric two-
tailed Student’s t test with assumption of unequal SDs was used to cal-
culate statistics. A P value <0.05 was considered to indicate statistical
significance.
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