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C-X-C chemokine receptor 4 (CXCR4) is a transmembrane chemo-
kine receptor involved in growth, survival, and dissemination of
cancer, including aggressive B-cell ymphoma. MRI is the standard
imaging technology for central nervous system (CNS) involvement
of B-cell lymphoma and provides high sensitivity but moderate
specificity. Therefore, novel molecular and functional imaging
strategies are urgently required. Methods: In this proof-of-concept
study, 11 patients with lymphoma of the CNS (8 primary and 3
secondary involvement) were imaged with the CXCR4-directed
PET tracer 68Ga-pentixafor. To evaluate the predictive value of this
imaging modality, treatment response, as determined by MRI, was
correlated with quantification of CXCR4 expression by 88Ga-pentixafor
PET in vivo before initiation of treatment in 7 of 11 patients. Results:
88Ga-pentixafor PET showed excellent contrast with the surrounding
brain parenchyma in all patients with active disease. Furthermore,
initial CXCR4 uptake determined by PET correlated with subsequent
treatment response as assessed by MRI. Conclusion: 88Ga-pentixafor
PET represents a novel diagnostic tool for CNS lymphoma with po-
tential implications for theranostic approaches as well as response
and risk assessment.
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Lymphoma of the central nervous system (CNSL) is a rare
malignancy and arises as a primary or secondary form. Primary
CNSL is confined to the central nervous system (CNS) and con-
stitutes 2%—4% of all primary brain tumors (/-5). Secondary
CNSL appears as simultaneous involvement of the CNS next to
systemic (peripheral) lymphoma at first diagnosis or as CNS re-
lapse (6-8). Primary CNSL is defined as diffuse large B-cell lym-
phoma confined to the CNS. In addition, systemic diffuse large
B-cell lymphoma may also involve the CNS as secondary lym-
phoma (6,9-11).

Currently, the standard imaging modality in patients with suspected
CNSL is contrast-enhanced cranial MRI. Although diffusion-
weighted imaging can be helpful in discriminating CNSL from
other brain tumors, such as glioblastoma, it offers only moderate
specificity (12). Moreover, MRI frequently bears uncertainty in de-
fining a complete remission (/3). PET with '8F-FDG is not yet
sufficiently evaluated as diagnostic imaging in this disease and bears
limitations due to the high physiologic glucose uptake in healthy
brain parenchyma (/4). Diagnosis has to be histopathologically
confirmed, preferably by stereotactic biopsy from a CNS lesion,
which may be a challenge because of the localization of CNSL in
poorly accessible or difficult-to-biopsy brain regions (/5). Thus,
identification and implementation of targeted imaging modalities
are highly desirable to facilitate diagnostic workup in CNSL at
initial onset and for restaging.

First-line treatment for CNSL is systemic chemotherapy con-
sisting of drugs that pass the blood-brain barrier. High-dose meth-
otrexate as the most effective single agent represents the backbone
of treatment (/6). Combination chemotherapies with methotrexate
and other agents that cross the blood-brain barrier, such as high-
dose cytarabine, thiotepa, or ifosfamide, show increased overall
response rates, with further improvement by adding the CD20-
directed antibody rituximab (/7-19). Consolidation therapy with
high-dose chemotherapy and autologous stem cell transplantation
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has further improved overall survival but is restricted, because of
tolerability issues, to younger patients in good condition (8). For
patients relapsing after first-line treatment, there is no established
salvage therapy; however, repeated methotrexate-based therapies
can again provide remissions. Whole-brain radiotherapy often re-
mains the only suitable treatment option for relapsed CNSL but is
associated with neurotoxicity that is often severe enough to com-
promise life or quality of life (20-22).

C-X-C chemokine receptor 4 (CXCR4), with its sole known
ligand CXCL12, plays an important role during embryonic
organogenesis and orchestrates important immunologic functions
as a master regulator of leukocyte migration, leukocyte homing,
and hematopoietic stem and progenitor cell retention in bone mar-
row niches (23-28). Malignant cells often hijack the physiologic
functions of the CXCL12/CXCR4 axis, and consequently, high
CXCR4 expression has been associated with an adverse prognosis
in various malignancies. The tumor cells of primary CNSL are
characterized by their strong and consistent expression of CXCR4
(29-31).

CXCR4-directed PET imaging with the tracer 3Ga-pentixafor
has been proven a suitable in vivo imaging modality for CXCR4
expression in various malignancies (32-37). Furthermore, CXCR4-
directed endoradiotherapy with pentixather, the therapeutic twin
of the imaging peptide pentixafor, was performed on small patient
cohorts with multiple myeloma, acute myeloid leukemia, and dif-
fuse large B-cell lymphoma (38—40). Here, we present data from
a proof-of-concept study investigating the potential of CXCR4-
directed PET imaging with °8Ga-pentixafor in patients with
CNSL.

MATERIALS AND METHODS

Patients

The characteristics of the PET imaging patient cohort are detailed
in Table 1. All patients had histologically confirmed B-cell lymphoma.
As previously reported for other %8Ga-labeled peptides (41), %Ga-
pentixafor was administered according to the German Medicinal Prod-
ucts Act, AMG §13 2b, and in accordance with the responsible regulatory
agencies (Regierung von Oberbayern, Regierung von Oberfranken, and

TABLE 1
Patient Characteristics
Disease No. of

Patient Sex Age (y) Diagnosis stage relapses

1 M 50 PCNSL First diagnosis 0

2 M 67 PCNSL First diagnosis 0

3 F 63 DLBCL CNS relapse 3

4 F 55 DLBCL CNS relapse 1

5 7 65 PCNSL First diagnosis 0

6 M 80 PCNSL  First diagnosis 0

7 M 59 PCNSL First diagnosis 0

8 M 66 PCNSL  First diagnosis 0

9 M 58 PCNSL First diagnosis 0
10 M 64 PCNSL  First diagnosis 0
11 M 79 DLBCL CNS relapse 1

PCNSL = primary CNSL; DLBCL = diffuse large B-cell ymphoma.

1766

Regierung von Unterfranken). All patients gave written informed consent
before the investigations. The responsible ethics committees approved
data analysis.

This study was an observational pilot study used to conduct
explorative analyses. As it was not a confirmatory study, there were
no prespecified hypotheses that would have allowed for sample size
calculation. Therefore, the sample size was chosen to serve this
purpose. It enabled the computation of descriptive and explorative
statistics.

Synthesis of ¢8Ga-Pentixafor

68Ga-pentixafor was synthesized in a fully automated, good-
manufacturing-practice—compliant procedure using a GRP module
(Scintomics GmbH) equipped with disposable single-use cassette
kits (ABX), applying a method (32,33) and standardized labeling se-
quence previously described (42). Before injection, the quality of
%8Ga-pentixafor was assessed according to the standards described in
the European Pharmacopoeia for 8Ga edotreotide (monograph 01/2013:
2482).

PET/CT and PET/MRI Studies

Four of 11 %Ga-pentixafor scans were performed on dedicated
PET/CT scanners (Biograph mCT 64 or mCT 40; Siemens Medical
Solutions), and 7 of 11 %8Ga-pentixafor scans were performed on a
PET/MRI device (Biograph mMR; Siemens Medical Solutions). Be-
fore undergoing ®Ga-pentixafor scanning, the patients fasted at least
4 h. Injected activities ranged from 83 to 275 MBq (1.0-2.9 MBq/kg).
The range of injected activities was 83-275 MBq (1.0-2.8 MBg/kg)
for PET/CT and 96-217 MBq (1.0-2.9 MBg/kg) for PET/MRI. Cor-
responding CT scans for attenuation correction were acquired using a
low-dose protocol (20 mAs, 120 keV, 512 X 512 matrix, 5-mm slice
thickness, increment of 30 mm/s, rotation time of 0.5 s, and pitch
index of 0.8) including the base of the skull to the proximal thighs.
In PET/MRI, a coronal 2-point Dixon 3-dimensional volumetric in-
terpolated examination T1-weighted MRI sequence was first per-
formed for generation of attenuation maps as previously published
(43). In addition, both a coronal T1-weighted turbo spin-echo se-
quence (repetition time/echo time, 600 ms/8.7 ms; slice thickness,
5 mm; matrix, 384 x 230) and a T2-weighted short-T inversion re-
covery sequence with fat suppression (repetition time/echo time/in-
version time, 5,000 ms/56 ms/220 ms; slice thickness, 5 mm; matrix,
106 x 256) were acquired. Consecutively, PET emission data were
acquired in 3-dimensional mode with a 200 x 200 matrix and a 2-
to 3-min emission time per bed position. After decay and scatter
correction, PET data were reconstructed iteratively with attenuation
correction using dedicated software (Siemens Esoft).

PET, CT, and MR Analysis

All CT and MRI scans were scored by a board-certified radiologist,
and all PET scans were scored by a board-certified nuclear medicine
physician. All PET scans were interpreted in a binary visual fashion as
positive for disease or negative for disease according to the criteria
previously described (44). Lesions were defined as PET-positive if
both imaging specialist investigators were able to unambiguously vi-
sually identify the lesions on the PET images. Semiquantitative analysis
comprised calculation of SUV .« as well as SUV,;cq, by 2-dimensional
regions of interest with a diameter of 1.5 cm around the hottest pixel. If
there was more than one CNS lesion, the biggest lesion was assessed for
analysis. For the calculation of tumor-to-background ratio, background
was measured within healthy parenchyma on the contralateral brain
region.

Immunohistochemistry of Patient Biopsy Material
Immunohistochemistry for CXCR4 expression was conducted as
follows: after heat-induced antigen retrieval (10 mM citrate buffer,
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pH 6, 20 min) and protein and peroxidase blocking (universal block
[Dako] and 3% normal goat serum [Abcam]), immunohistochemis-
try was performed with a Dako autostainer using an antibody against
CXCR4 (1:30 [Abcam], ab124824, clone UMB-2). Antibody was
detected using the Dako EnVision horseradish peroxidase rabbit
labeled polymer visualized by diaminobenzidine (KPL). Counter-
staining was performed with hematoxylin. Immunohistochemistry for
CD20 was performed using an automated immunostainer with the
iVIEW diaminobenzidine detection kit (Ventana Medical Systems,
Roche) according to the company’s protocols for open procedures.
CD20 antibody was used according to the manufacturer’s instructions.
Appropriate positive controls were used to confirm the adequacy of the
staining.

Computed Analysis of Prognostic Value of CXCR4-Directed
PET Imaging

T1-weighted contrast-enhanced (T1c) MRI scans, fluid attenuation
inversion recovery (FLAIR) MRI scans, and CXCR4-directed PET
scans were acquired before lymphoma treatment. After treatment,
patients were monitored with Tlc and FLAIR follow-up scans. All
scans were registered to the pretreatment Tlc MRI scan. PET scans
were normalized by subtracting a mean PET uptake value from a
healthy-appearing region within the brain. Despite the diagnostic

importance of the FLAIR scan, it was not included in the prognostic
performance study. The reason was that the edema surrounding the
lesion might be difficult to distinguish from a tissue response to the
treatment.

To evaluate the prognostic value of CXCR4-directed PET imaging,
the relation between the treatment efficiency and various tumor
properties extracted from the pretreatment Tlc MRI and PET scans
was computed. To account for the variability across lesions and
patients, the analysis was performed in both a patientwise and a
lesionwise manner. Only patients with available follow-up scans were
considered, resulting in 7 patients with a total of 14 individual lesions.

The efficacy of the treatment, 1, was defined as a relative change in
tumor volume detected by Tlc MRI from the first and the last avail-
able scans, that is,

Vfirst(TlC) _ Vlast(TlC)
n= VR (TIG) x 100%.

Eq. 1

To account for the treatment response, the following properties
were computed for each lesion from the pretreatment scans: volume of
the Tlc lesion, V(T1c), in MRI; volume of the PET-enhanced lesion,
V(PET); maximum PET uptake value inside each lesion, max(PET);
and PET uptake values integrated across the

MRI-FLAIR MRI-T1c %6Ga-Pentixafor-PET

PET/MRI fusion

PET-enhancing lesion, J‘(PET). Since PET scans
were normalized as mentioned previously, the
term SUV . is not appropriate in this setting.

More specifically, the V(Tlc) was com-
puted as the volume of all voxels within the
Tlc-enhancing lesion:

Patient #2

V(Tlc) = Y. sTlc(i)dv,

i€l

Eq. 2

PCNSL

where sT1c(i) is a binary segmentation of the
Tlc-enhancing tumor segmented by a board-
certified radiologist. The parameter i denotes
an index across all voxels of the input image
I, and dv denotes the volume of each voxel.
V(PET) is defined in a similar way:

patient #10

V(PET) = Y sPET(i)dv, Eq. 3

icQ)

where sPET (i) is a binary segmentation of the
PET-enhancing lesion (). The region () is de-
fined as a region of the PET enhancement
obtained after subtracting the SUV e, mea-
sured within healthy parenchyma on the con-
tralateral brain region of each patient.

Finally, the integrated PET uptake values
are defined as:

Patient #3

SCNSL

|wen) = | ot~ 3 s

icQ)
i€Q)

Patient #4

Eq. 4

where ¢ (i) denotes the PET uptake value at

FIGURE 1.

(PCNSL) and secondary CNSL (SCNSL), respectively.
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Correlation of CXCR4-directed PET with MRI-determined lymphoma lesions.
Depicted are representative MR images (T1ic and FLAIR sequences) and corresponding
CXCR4-directed PET images and fusion of MRI (FLAIR) and PET for 2 patients with primary CNSL

voxel i inside the regions of the PET-enhanc-
ing lesion () and dv is volume of the voxel i.

The matrices V(Tlc) and V(PET) both
measure tumor burden but do not account for
the tumor activity. The max(PET) describes
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TABLE 2
SUVmax, SUVmean, and Corresponding Tumor-to-Background Ratio

SUVmax SUVmean

Patient Tumor Background Ratio Tumor Background Ratio
1 No lesion No lesion No lesion No lesion No lesion No lesion
2 4.2 0.2 18.3 2.8 0.2 17.3
3 23.3 0.6 38.8 16.1 0.5 32.2
4 5.5 0.3 16.2 3.2 0.2 16.2
5 7.0 0.4 18.4 4.5 0.2 19.6
6 4.7 0.4 13.4 3.1 0.2 18.2
7 6.0 0.1 75.1 4.0 0.01 201.0
8 10.1 0.8 13.2 5.6 0.2 30.9
9 8.3 0.1 83.0 5.4 0.1 54.0

10 4.6 0.2 23.0 3.2 0.2 15.9

11 5.4 0.3 21.6 3.4 0.2 21.2

the tumor activity, but only from a single voxel, neglecting the tumor
burden. j(PET) reflects both the tumor activity and the tumor burden.
In the patient-based study, the same measures were computed across
all lesions of each patient.
For each of the extracted tumor properties, the Pearson correlation
with the treatment efficiency was computed together with the P value
describing the significance of the correlation.

RESULTS

To address the feasibility of CXCR4-directed PET imaging in
patients with CNSL, this proof-of-concept study evaluated 11
patients with the PET tracer °*Ga-pentixafor. PET imaging was
combined either with MRI (in 7 patients) or with CT (in 4 patients;
no local hybrid PET/MRI available). All patients underwent MRI
as the standard imaging modality in CNSL during diagnostic
workup at CNSL diagnosis. All 8 patients with primary CNSL

were investigated at the time of initial manifestation, whereas
the 3 patients with secondary CNSL all had a CNS relapse of
diffuse large B-cell lymphoma at the time point of analysis. Of
note, 8 of 11 patients had received corticosteroids before CXCR4-
directed PET imaging. The patient characteristics are detailed in
Table 1.

Suitability of 8Ga-Pentixafor PET Imaging for Detection
of CNSL
CXCR4-directed PET imaging with 3Ga-pentixafor was visu-
ally positive in 10 of the 11 studied patients. The lymphoma
lesions determined by MRI T1c sequences displayed high CXCR4
tracer uptake in %8Ga-pentixafor PET imaging. In contrast, the
healthy brain parenchyma and the surrounding brain edema seen
in the MRI FLAIR sequences were always evaluated as CXCR4-
directed PET-negative (Fig. 1). Semiquantitative analysis revealed
a %8Ga-pentixafor—derived PET SUV ,,, of

Patient #7

Patient #5 Patient #6

4.2-23.3 within the lymphoma lesions with
a high tumor-to-background ratio ranging
from 13.2 to 83.0 (Table 2 shows all indi-
vidual patient values).

The only patient who showed no tracer
uptake as assessed by CXCR4-directed PET
imaging had undergone extensive neurosur-
gical biopsy of the entire lymphoma lesion
and 4 wk of corticosteroid treatment before
imaging. PET negativity in this patient was
underscored by the lack of lymphoma
lesions in the corresponding MR images.
Therefore, it can be reasonably assumed
that the patient presented without active
disease at the time of %8Ga-pentixafor PET
imaging (Supplemental Fig. 1; supplemen-
tal materials are available at http://jnm.
snmjournals.org).

CD20

CXCR4

Patient #8

CXCR4 expression in vivo as determined

FIGURE 2. Ex vivo CXCR4 expression within lymphoma lesions. Shown is CXCR4 expression of
CD20-positive lymphoma cells undergoing 8Ga-pentixafor imaging. (Top panel) Representative
hematoxylin and eosin (HE) stains of 4 CNSL patients; embedded are PET images of correspond-
ing patients. (Middle panel) Immunohistochemistry for lymphoma-specific CD20 marker. (Bottom
panel) Immunohistochemistry for CXCR4 in corresponding lymphoma samples.
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by CXCR4-directed PET was validated by
positive immunohistochemistry for CXCR4.
In 9 of 11 patients, for whom there were
lymphoma biopsy samples that had been
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obtained near the time of the PET imaging, CXCR4 was highly
expressed within the lymphoma lesions (Fig. 2).

CXCR4-Directed PET Imaging as a Biomarker to Predict
Treatment Response

To further evaluate the potential clinical relevance beyond
lymphoma imaging, and in particular, to investigate a correlation
between CXCR4 tracer uptake and therapy response, a computed
analysis was performed for all 7 patients for whom posttreatment
MRI scans were available. Response to treatment, calculated as m
from the sequential Tlc MRI sequences, was compared with 4
properties from the respective pretreatment MRI and CXCR4-
directed PET scans (details on treatment and treatment response are
provided in Supplemental Figs. 2 and 3). The 4 analyzed proper-
ties were V(Tlc), V(PET), max(PET), and f(PET). This analysis
revealed that neither in the lesion-based nor in the patient-based
analysis did the tumor volume determined by MRI or by CXCR4-
directed PET imaging (V(T1c), ranging from 0.69 to 20.08 [cm?],
and V(PET), ranging from 0.43 to 8.88 [cm?]) represent a pre-
dictive marker for treatment response (Figs. 3A, 3B, and 3E).

CXCR4-directed PET uptake values given by max(PET) and
J(PET), however, had a significant prognostic value both in the
lesion-based and in the patient-based analysis (Figs. 3C, 3D, and
3F). These results imply that lymphoma lesions with lower
CXCR4 tracer uptake as assessed by CXCR4-PET were associated
with a better response to standard methotrexate-based treatment.
Specifically, [(PET) was the most significant predictive factor in
the present study.

DISCUSSION

Clinical challenges in CNSL involve diagnostic work-up, risk
stratification, and optimization of treatment. This proof-of-concept
study identified CXCR4-directed PET imaging with °®Ga-pentixa-
for as a novel imaging modality for CNSL with putative additional
value when performed in combination with standard MRI. CXCR4-
directed PET imaging provides excellent contrast with the surround-
ing brain parenchyma and may be suitable for risk stratification, for
prediction of response to standard rituximab- or methotrexate-based
immunochemotherapy, and for response assessment.

Diagnosis of CNSL remains one of the
major clinical challenges. Because symp-

>

B

toms of CNSL cannot be distinguished

from symptoms of other brain-derived tu-
mors, definite diagnosis by histopathologic
assessment is necessary. In patients receiv-
° ing corticosteroids, diagnosis by histopa-
thology is often complicated or virtually
impossible because of lymphoma cell apo-
ptosis, which further delays effective treat-
ment and may even require repeat stereotactic
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erative mortality, accurate imaging modalities
are urgently needed (/2). Comparing the ef-
ficacy of CXCR4-directed imaging in distin-
guishing CNSL from glioma is of particular
interest and should be addressed in prospec-
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tive clinical trials.
In addition, evaluation of treatment re-
sponse by standard imaging modalities such

P 3

as MRI has limitations in defining com-
plete response in a subgroup of patients
(13). Our study revealed that CXCR4-
directed PET with ®8Ga-pentixafor was in-
dicative of active disease in all patients.
The excellent contrast with the surround-
ing brain parenchyma, which clearly sur-
passes PET imaging with '8F-FDG, may

Patient-based
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have the potential to result in a refinement
of current response criteria provided by

FIGURE 3. CXCR4-directed PET prediction of treatment response. Depicted are correlations
between n and properties extracted from pretreatment scans: V(T1c) in MRI (A and E), V(PET) (B),
max(PET) (C), and j(PET) (D and F). A-D depict results from lesion-based approach. Each dot
represents 1 of 14 diagnosed lymphoma lesions. In E and F, results from patient-based approach
are shown. Each dot represents results from 1 of 7 patients. Pearson correlation coefficient (c)
and P value are reported inside each plot. Least-squares regression line is shown in black.
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the International Primary CNS Lymphoma
Collaborative Group, especially when MRI
alone is not sufficient to define a complete
remission.

Although treatment options for primary
CNSL have improved over the last few
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decades, a large proportion of patients eventually relapses after
therapy (46). High-dose chemotherapy, with subsequent autolo-
gous stem cell transplantation, represents a highly efficient con-
solidation treatment option for CNSL (47). However, the severe
toxicity of this treatment regimen makes careful patient selection
necessary. The International Extranodal Lymphoma Study Group
identified age, performance status, lactate dehydrogenase serum
level, cerebrospinal fluid protein concentration, and involvement
of deep brain structures as independent prognostic factors for
survival of patients with primary CNSL receiving methotrex-
ate-based chemotherapy. This scoring system, however, does
not identify patients benefiting from more intense treatment reg-
imens (48). Because CXCR4-directed PET imaging with ®3Ga-
pentixafor showed potential for prediciting treatment response in
this proof-of-concept study, this novel imaging modality might
define patients who could profit from a more intense consolida-
tion therapy followed by autologous stem cell transplantation,
thereby reducing the necessity of applying this highly toxic treat-
ment to patients who would not benefit from autologous stem
cell transplantation.

Whole-brain radiotherapy has shown high response rates in the
treatment of CNSL but was abandoned in first-line therapy
because of severe neurotoxicity (49,50). This observation indi-
cates that CNSL is highly susceptible to radiation therapy and
that neurotoxicity results mainly from off-target effects of
whole-brain radiotherapy. CXCR4-directed tumor cell-targeted
endoradiotherapy with pentixather, however—based on the
high localized radiation effect—might circumvent neurotoxicity
caused by whole-brain radiotherapy. Such treatment has already
been safely integrated into hematopoietic stem cell transplanta-
tion concepts for myeloma and leukemia (517). First, the incor-
poration of CXCR4-directed endoradiotherapy into first-line
treatment might result in higher response rates. Second, less
toxic high-dose chemotherapy protocols in combination with
CXCR4-directed endoradiotherapy and autologous stem cell trans-
plantation could be applied in older patients with an adverse
prognosis.

CONCLUSION

This proof-of-concept study demonstrated the feasibility of
CXCR4-directed PET imaging with %8Ga-pentixafor. Despite the
limited sample size and the heterogeneous patient population
within this study, CXCR4-directed PET imaging with ®8Ga-
pentixafor displayed a high potential for diagnostic applications
and warrants prospective clinical trials for imaging and theranostic
applications.
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KEY POINTS

QUESTION: Is CXCR4-directed PET imaging with 68Ga-pentixafor
feasible to detect lymphoma lesions of the CNS, and does initial
PET uptake correlate with treatment response?

PERTINENT FINDINGS: This retrospective analysis revealed that
CXCR4-directed imaging is positive in all active lymphoma le-
sions, provides excellent contrast properties between lymphoma
lesions and healthy brain parenchyma, and correlates well with
MRI-determined lymphoma lesions. Moreover, in vivo—determined
CXCR4 expression by means of PET significantly correlates with
response to treatment.

IMPLICATIONS FOR PATIENT CARE: CXCR4-directed PET im-
aging with 88Ga-pentixafor could not only facilitate diagnostic
work-up in patients with CNSL but additionally serve as a bio-
marker for selecting patients with a dismal prognosis who could
profit from more intense treatment options.
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