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Abstract: Recent studies on immune-mediated inflammatory lung diseases show encouraging treatment results
with rituximab, a monoclonal antibody (mAb) against CD20-expressing B lymphocytes. The present pilot study aimed
to explore the possibility to image CD20-expression in the lungs as future early predictor of treatment response.
We describe a series of 10 patients with therapy refractory interstitial pneumonitis who were treated with rituximab
(1000 mg at day O and day 14) and underwent PET/CT after the administration of [#°Zr]Zr-N-suc-DFO-rituximab ab-
breviated as [#°Zr]Zr-rituximab. [8°Zr]-rituximab PET/CT of the chest was performed on day 3 and 6. [°Zr]Zr-rituximab
PET/CT showed visual and quantifiable increased pulmonary activity in four patients. Other patients demonstrated
no increased activity in the lungs. One patient developed a severe allergic reaction during infusion of the first 10%
unlabeled rituximab after which rituximab infusion was ceased. Subsequent administration of [89Zr]Zr-rituximab,
however, did not result in any adverse reaction. This patient demonstrated the highest uptake of [9Zr]Zr-rituximab
in mediastinal lymph nodes and lung parenchyma compared to the other 9 patients who did receive the full dose
rituximab before [9Zr]Zr-rituximab. This pilot study demonstrates that [8°Zr]Zr-rituximab PET/CT imaging in patients
with therapy refractory interstitial pneumonitis is feasible and shows lung-specific uptake in some patients. Further
research with larger sample size should establish if the [5°Zr]Zr-rituximab uptake correlates with treatment response
to rituximab. The higher uptake in the absence of a full 12000 mg rituximab preload may suggest that future studies
should consider [8°Zr]Zr-rituximab imaging at low mAb dose before treatment with rituximab.
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Introduction same clinical response can be found in various
IMIDs upon treatment with the same therapeu-
tic drug. This theory holds especially true when
looking at drugs directed to specific targets of
the immune system. Rituximab is such a thera-

peutic drug. This monoclonal antibody has a

Immune mediated inflammatory diseases (IM-
ID) with interstitial pneumonitis (IP) encompass
rare inflammatory disorders that include pul-
monary involvement such as polymyositis, der-

matomyositis, mixed connective tissue disease
(MCTD), systemic sclerosis (systemic scleroder-
ma) or anti-synthetase syndrome. These vari-
ous auto-immune diseases do not have a clear
causal relationship, but seem to have a com-
mon disturbance in the inflammatory pathway
[1]. This theory originates from the fact that the

high targeting specificity to CD20 receptors on
B cells. Depleting dysfunctional CD20 cells
from the blood pool has an inhibiting effect on
the systemic inflammation and can result in
clinical benefit. This pathophysiological effect
has been demonstrated in various rheumato-
logic conditions such as rheumatic arthritis (RA)
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and granulomatosis with polyangiitis [2-5].
Therefore, CD20 seems to play an important
role in the inflammatory cascade [6]. Various
other IMIDs with pulmonary involvement may
also benefit from anti-CD20 therapy.

However, response to rituximab is variable.
From current studies in patients with various
IMIDs, it seems that about 30% of the patients
show definite improvement, 30% show stabili-
zation, and 20-40% show no response to ritux-
imab [7, 8]. The number of CD20-expressing
cells in the lungs is a potential predictive bio-
marker for response to rituximab therapy. In
histology studies, it has been shown that IMID-
IP lungs contain a large number of CD20+ B
cells, while healthy controls do not [9]. Addi-
tionally, lungs with severe type IP showed more
CD20+ B cell infiltration than lungs with a mild-
er type IP [10]. This likely could explain the
observed variability in response to rituximab in
patients. Since most patients have severe lung
function impairment they cannot undergo inva-
sive procedures to obtain lung biopsies, and
therefore implementation of a non-invasive test
is crucial. This can potentially be achieved by
[89Zr]Zr-rituximab immuno-PET, by providing an
objective quantitative parameter for the pres-
ence of CD20+ cells in the lungs.

PET imaging of CD20-expression is a novel
technique, especially in autoimmune diseases.
No previous studies have been performed in
patients with IP, and therefore there is a degree
of uncertainty as to whether PET imaging of
CD20-expression will provide valuable informa-
tion. However, there are positive experiences
with the same [8°Zr]Zr-rituximab immuno-PET
imaging in rheumatoid arthritis (RA) [11].
Moreover SPECT imaging with [*°mTc]Tc-ritu-
ximab showed increased uptake in lungs in a
patient with sarcoidosis [12]. The rationale for
using [89Zr]Zr-rituximab immuno-PET in the
present study is because of the better perfor-
mance of PET in comparison to SPECT with
respect to sensitive high resolution imaging
and quantification, and the longer physical half-
life of Zr-89 compared to Tc-99m (78.4 vs 6
hours), which is better compatible with the bio-
logical half-life of rituximab. The latter allows
for imaging at later timepoints at higher target-
to-background ratios. Therefore, [®°Zr]Zr-ritu-
ximab PET might provide an objective quantita-
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tive measure of the presence of CD20+ cells
and therefore a potential biomarker for predic-
tion of rituximab treatment response.

Methods

In this pilot study, we investigated whether
[89Zr]Zr-rituximab uptake is increased in pulmo-
nary and/or mediastinal lymph nodes in IMID-
IP patients who receive therapeutic doses of
rituximab as a third line treatment. Since the
aim of this paper is to describe the imaging
results of [8°Zr]Zr-rituximab immuno-PET imag-
ing in a small sample size, the results of thera-
peutic rituximab will not be described. This
study was performed according to international
GCP standards and obtained ethics approval
from the Medical Research Ethics Committees
United (MEC-U) under NL49534.100.14. This
trial is registered at ClinicalTrials.gov identifier:
NCT02251964. Patients included in the pres-
ent study presented at the Department of
Pulmonology of the St. Antonius Hospital Ni-
euwegein from May 2015 - January 2016. All
patients gave written informed consent prior to
participation.

Inclusion criteria

In order to be eligible for participation in the
study, patients met all of the following criteria:
age 18-70 years, no previous therapy with ritux-
imab, at least 2 pulmonary function tests within
the past 6 months, diagnosis of co-existing
IMID and a severe and/or progressive IP char-
acterized by all of the following items: 1) Respi-
ratory symptoms consistent with interstitial
lung disease, Il) Diagnosis of usual interstitial
pneumonia (UIP), non-specific interstitial pneu-
monia (NSIP), organizing pneumonia (OP) or a
mixed form of UIP/NSIP/OP. Patients with
extrinsic allergic alveolitis or hypersensitivity
pneumonitis were included as having an IMID.
Ill) Pulmonary function: forced vital capacity
(FVC) <50% predicted and/or diffusion capacity
for carbon monoxide (DLCO) <40% predicted,
or worsening of lung function as demonstrated
by any of the following within the past year
(>10% decrease in FVC, >15% decrease in
DLCO). In addition, patients showed therapy
resistance to first line (corticosteroids) and
second line therapy (cyclophosphamide or aza-
thioprine). Exclusion criteria were residual lung
volume >120% predicted at screening, DLCO
<25% of predicted value at screening. Any
signs of infection are also contra-indicated.
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Intervention

All patients meeting the inclusion criteria we-
re scheduled to receive a therapeutic dose
of rituximab. A dose of 1000 mg rituximab was
administered intravenously on day O and day
14 preceded by premedication: acetamino-
phen, dexamethasone and antihistamine acc-
ording to protocol. Before infusion, blood sam-
ples were taken for biomarker characteristics.
Patients additionally received 18 MBq [2%Zr]
Zr-rituximab intravenously at day O, within 4
hours after the first therapeutic dose of ri-
tuximab.

Biomarker measurements

Systemic antibodies such as antinuclear anti-
bodies (ANA) anti-neutrophil cytoplasmic anti-
bodies (ANCA) were measured to establish
baseline auto-immune parameters. ANA and
ANCA are antibodies usually associated with
IMID. For inflammatory lung parameters we
used soluble interleukin-2 receptor (sIL-2R).
B-cell depletion was measured at baseline and
post therapy using CD19 and not CD20 to pre-
vent measurement errors by masking by
rituximab.

[8%Zr]Zr-rituximab preparation and quality con-
trol

[89Zr]Zr-N-suc-DFO-rituximab, abbreviated as
[89Zr]Zr-rituximab was produced in a Good
Manufacturing Practice (GMP) compliant man-
ner at VU University Medical Center, according
to the previously reported method of Verel et al.
[13]. See detailed description in Addendum.

PET/CT imaging: The department of Nuclear
Medicine of the St Antonius Hospital is an EARL
accredited PET/CT center. Imaging is performed
on Philips Gemini TF PET/CT (Philips Medical
Systems, Best, the Netherlands). Scans ad-
hered to the Zr-harmonization protocol as
described by Makris et al. [14, 15]. PET/CT
scans were acquired 3 and 6 days after injec-
tion of 18 MBq [8°Zr]Zr-rituximab. By using
18 MBq Zr-89, the radiation dose of [#°Zr]
Zr-rituximab is comparable to a 370 MBq [*8F]
FDG-PET scan for routine clinical use: ~10 mSv.
[89Zr]Zr-rituximab PET/CT of the thorax (lower
neck to splenic region) was performed with an
acquisition time of 15 minutes per bed posi-
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tion (about 3 bed positions needed). [89Zr]
Zr-rituximab PET/CT scans were visually and
quantitatively evaluated with validated soft-
ware (Hermes Medical Solutions, Stockholm,
Sweden) by an experienced nuclear medicine
physician (HA). [*®F]FDG PET/CTs performed in
the context of clinical evaluation (2 to 4 weeks
prior to the study) were only used as a visual
reference to the [®9Zr]Zr-rituximab PET/CT
scans.

Reference group

As a reference, [#9Zr]Zr-rituximab PET/CT scans
of 5 patients with rheumatic arthritis (RA) were
analyzed. These patients were scanned be-
tween 2011-2013 on the same Philips Gemini
TF PET/CT and using the Zr-harmonization pro-
tocol. All patients were female and age ranged
between 26-69 years [11]. These scans were
performed by using the same imaging protocol
as in the study with IMID-IP patients, in accord-
ance with the EARL criteria. The patients had
joint-related inflammation activity without clini-
cal evidence of pulmonary involvement. The
chest images of these patients have been visu-
ally assessed by 2 nuclear medicine physicians
(HA, OS; see acknowledgment).

Image analysis

From previous study findings, we know that
[89Zr]Zr-rituximab biodistribution is as follows:
highest activity in the liver and a lesser amount
of activity in the spleen and blood pool. The
lungs of non-IMID-IP patients show no visible
activity [16]. In the present study, we focused
on increased Zr-89 activity in the lungs and
mediastinal/hilar lymph nodes. We measured
the standard uptake values (SUV) on day 3 and
6 after injection of [®°Zr]Zr-rituximab, in the
lung, liver and blood pool using a 1 cm? volume
of predefined regions of interest (ROIs). The
blood pool is defined as the average activity in
the heart left ventricle (SUVmean blood pool).
SUVmax is defined as the maximum SUV in
the lung parenchyma or in mediastinal lymph
nodes. SUVmean was defined as average glob-
al lung SUV. The average global lung SUV
(SUVmean lung) was calculated using volumet-
ric analysis software provided by Hermes Me-
dical Solutions, Stockholm, Sweden. The SUV-
mean lung used in this article is therefore a vol-
ume weighted SUVmean. A target-to-blood pool
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Table 1. Baseline characteristics of study patient’s clinical and functional data (N=10)

Mean
Age (years) 61.9+7.9
Never smoker 60% (N=6)
Previous smoker 40% (N=4)
Packyears (years) 24.5+13.8
FVC (% predicted) 67.06+20.1
DLCOc (% predicted) 37.37+8.8
ANA positivity 10%
ANCA positivity 10%
CD19 B cell 10*9/L (0.10-0.60) pre-rituximab* 2.44+7.22
CD19 B cell 10*9/L (0.10-0.60) 2 weeks after first dose rituximab* 0.000591+0.0005
CDA4:CDS8 ratio (reference 1.0-3.5) 3.72+4.04
sIL2R (reference <3000 pg/mL) 4607.9+2905.6
Baseline characteristics of RA controls (N=5)
Age (years) 50.2+16.9
Never smoker 100% (N=5)
1M RF positivity 80% (N=4)
Anti-CCP positivity 80% (N=4)

Values are presented as mean * SD or percentages. *Normal ranges of these values. FVC = predicted forced vital capacity,
DLCO = predicted diffusion capacity of the lung for carbon monoxide, ANA = antinuclear antibodies, ANCA = anti-neutrophil cy-
toplasmic antibody, CD19 = B-lymphocyte antigen cluster of differentiation 19, CD4:CD8 ratio = T cell cluster of differentiation
4/8, sIL-2R = soluble interleukin-2 receptor, IgM RF = rheumatoid factor, anti-CCP = anti-cyclic citrullinated peptide.

ratio (TBR) was defined as the SUV in the target
location divided by the reference SUV region
(blood pool). As a result, we assessed TBRmax
and TBRmean. Overall Hounsfield units in the
lungs are also measured, however due to
breathing artefacts are of limited use. For the
five control cases from VU University Medical
Center, Amsterdam, each patient was analyzed
three times with a volumetric tool in random
lung locations. We defined increased lung
uptake of [8°Zr]Zr-rituximab as TBRmax being
higher than TBRmean plus two times the stand-
ard deviation of the control group. Additionally
the mediastinal lymph nodes TBR values were
assessed. The relationship between 8°Zr-rituxi-
mab lung uptake data and clinical baseline
parameters were also performed.

Statistics

We have controlled the data for age and BMI,
and no statistical bias was found. Data obtained
by visual observation were analyzed using de-
scriptive statistics. The paired-sample T tests
were performed and a p value <0.05 was re-
garded as statistically significant. The statisti-
cal evaluation was performed using SPSS ver-
sion 22 (IBM, Armonk, New York, USA).
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Results
Patient demographics

[89Zr]Zr-rituximab PET/CT scans were obtained
in 10 IMID-IP patients (5 male and 5 female,
between 44-69 years). Patient characteristics
are summarized in Tables 1, 2. Three patients
had RA-associated IP, three patients antisyn-
thetase syndrome (ASS) related IP, two patients
chronic extrinsic allergic alveolitis (CEAA) and
two patients other types of connective tissue
disease related IP.

Based on HRCT, five patients had NSIP pattern,
three UIP and two EAA. The patient cohort has
FVC and DLCO values below normal range since
the year of diagnosis. The majority of patients
had never smoked (60%). Systemic antibodies
such as antinuclear antibodies (ANA) and anti-
neutrophil cytoplasmic antibodies (ANCA) were
found in a minority of patients (10%). Soluble
interleukin-2 receptor (sIL-2R) was increased in
all patients at baseline. Circulating mature
B-cell values decreased significantly after the
first therapeutic dose of rituximab within 14
days in all patients.
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Table 2. Description of patients treated with rituximab, including previous immunosuppressive
therapy

Patient Age M/F Diagnosis Year of HRCT

medication Pre-rituximab

number diagnosis diagnosis

1 69 M RA 2013 UIP azathioprine, prednisone

2 67 M RA 2010 UIP prednisone, cyclofosfamide, azathioprine
3 65 M RA 2013 NSIP  cyclofosfamide, methotrexate
4 44 M ASS 2012 UIP prednisone, azathioprine

5 57 F ASS 2015 fNSIP  prednisone, azathioprine

6 69 F ASS 2009 fNSIP  prednisone, azathioprine

7 59 F CcEAA 2015 EAA azathioprine, cyclofosfamide
8 63 F CcEAA 2015 EAA cyclofosfamide, prednisone
9 57 M Scleroderma 2014 fNSIP  cyclofosfamide, imuran

10 69 F Connective tissue disease 2010 fNSIP  cyclofosfamide, prednisone

Rheumatic arthritis (RA), antisynthetase syndrome (ASS), chronic extrinsic allergic alveolitis (CEAA), usual interstitial pneumo-
nia (UIP), fibrotic (f) non-specific interstitial pneumonia (NSIP).

[8%Zr]Zr-rituximab uptake in reference group

There is presence of [89Zr]Zr-rituximab in the
blood pool (main vessels, heart chambers),
liver, and to a lesser extent in the spleen. A
large decrease of [89Zr]Zr-rituximab blood pool
activity was seen on day 6 compared to day 3.
Because the images on day 6 had lower mean
SUV and much lower counting statistics, and
the images at day 3 were qualitatively better,
only the results of day 3 are used in the analy-
sis hereafter.

Therapy with rituximab and biodistribution of
[8%Zr]Zr-rituximab in an allergic patient

There were reversible mild infusion-related
reactions consisting of headache and dizziness
in 2 patients during rituximab therapy. One
patient developed a severe symptomatic hypo-
tension in the first 30 minutes during infusion
of the therapeutic dose of rituximab, which per-
sisted during lowering the infusion rate of rituxi-
mab after which rituximab infusion was ceased.
In total about 100 mg therapeutic dose of ritux-
imab was given. This allergic reaction was prov-
en 3 weeks later when anti-rituximab antibod-
ies were found in the blood. Interestingly this
patient demonstrated the highest uptake of
[89Zr]Zr-rituximab in mediastinal lymph nodes
and lung parenchyma on PET/CT compared to
the other 9 patients who did receive the full
therapeutic dose of rituximab before [89Zr]
Zr-rituximab PET/CT. The patient with an aller-
gic reaction showed a higher uptake of Zr-89 in
spleen and lymph nodes (see Figure 1).
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[8°Zr]Zr-rituximab visual analysis of other IMID-
IP patients

Overall the uptake in the lungs was lower in
activity when compared to the bloodpool and
liver. There is more diffuse uptake in the lungs,
with patchy areas with increased uptake. There
seems to be no preference in upper or lower
lobe distribution between patients. Highest
activity was found in peribronchiolar and peri-
hilar regions. Figures 1, 3 and 4 show patients
with different uptake patterns when compared
to a prior [*8F]FDG PET/CT. There were no signs
of active infection in these patients.

[8°Zr]Zr-rituximab quantitative uptake in IMID-
IP patients

[89Zr]Zr-rituximab uptake in the lungs of IMID-IP
patients was compared with the uptake in the
lungs of patients in RA control group (Table 3).
Higher uptake was found in the lungs of few
IMID-IP patients than in the lungs of RA con-
trols, as based on the TBRmax values (P<0.02).
The results are still significant when excluding
case 9 (P 0.004). The lung SUVmean values did
not show a statistically significant difference
from the RA controls (P=0.39). According to our
definition of increased uptake, a TBRmean and
TBRmax plus two times the standard deviation,
gives us a TBRmean threshold of 0.6 (0.32+
2x0.14) and TBRmax of 0.74 (0.42+2x0.16).
These thresholds are represented in Figure 2.
Only one patient (case 10) had a TBRmean of
2 standard deviations above the RA controls.
However, this is different for TBRmax: 8 pati-
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Figure 1. [*8F]FDG PET/CT and [8°Zr]Zr-rituximab PET/CT scans of patient 9, a 57-year-old patient with fibrotic non-
specific interstitial pneumonia associated scleroderma. (A) [*8F]Fluorodeoxyglucose (FDG) PET axial views (top: PET,
bottom: fusion PET/CT); (B) Maximum intensity projection of [*8F]FDG PET; (C) [5°Zr]Zr-rituximab PET (top: MIP image,
bottom: fusion PET/CT); (D1 and D2) Respective HRCT axial views of (A and C). In the axial views of the [*F]FDG
PET (1 week before rituximab) image clear increased uptake is seen in the subpleural basal pulmonary regions and
also in several lymph nodes. On HRCT there is some fine fibrosis visible in these subpleural areas (D1). The [%°Zr]
Zr-rituximab PET shows mainly lymph node and peribronchial increased activity, with less blood pool activity. The
parenchyma shows a moderately increased activity in patchy areas, but most is centrally located around the hilar
regions; on CT (D2) there is no fine fibrosis around these areas. In addition, there is an active axillary lymph node on

the right and increased activity in the spleen; this was not seen in other patients.

ents demonstrated a TBRmax higher than 2
standard deviations above the controls. Quali-
tative analysis demonstrated that four of tho-
se patients also had visually significant higher
uptake than the other IMID-IP patients. Patient
9 who did only receive 100 mg of rituximab due
to an allergic reaction, showed SUVmean val-
ues at day 3 and 6 higher than the other pa-
tients. TBRmax 3.45 of case 9 was significant-
ly higher versus TBRmax of the other patients
0.97 (P<0.005).
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Correlation of [8°Zr]Zr-rituximab PET and clini-
cal baseline parameters

In all patients, circulating mature B-cells were
reduced within 14 days after the first dose of
rituximab. However, there was a slight differ-
ence in baseline values of circulating B-cells.
We analyzed if there was a relation between
TBRmax values and the number of B-cells at
baseline but no correlation was found. TBRmax
was used because it was the only parameter
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Figure 2. TBRmean and TBRmax ratios of pulmonary 8°Zr-rituximab uptake
in IMID-IP vs controls (n=5). *Case 9 was significantly different from the
group (P<0.005). This was the case with a severe allergic reaction and did

not receive the full rituximab pre-load dose.

that could significantly distinguish between
IMID-IP and controls (as shown in Table 3). All
other parameters (FVC, DLCO, sIL-2R and
CD4:CD8 ratio) neither did show a correlation
at baseline. We did however find a strong cor-
relation between baseline CD4:CD8 ratio and
sIL-2R of 0.844 (P 0.002) which is expected
since both are inflammatory biomarkers.

Discussion

This is the first study analyzing [8°Zr]Zr-rituximab
PET in patients with interstitial pneumonitis
associated IMID, including some cases with
EAA. The goal of the study was to evaluate if
[89Zr]Zr-rituximab PET could identify some visu-
al and measurable differences in the presence
of CD20+ B cells in the lungs of patients, to give
a possible explanation for the observed differ-
ences in treatment response as described in
literature. We observed visual and measurable
increased pulmonary activity in four patients,
compared to the reference. There was little
mediastinal lymph node activity. There were no
signs of infection in these patients. Other
patients demonstrated no increased activity in
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the lungs, according to our
definition. We found that the
[89Zr]Zr-rituximab  could be
administered safely, even if
patients did experience (aller-
gic) side-effects from thera-
peutic rituximab. This study is
limited due to the fact that we
lack histopathology of the
locations where [89Zr]Zr-ritu-
ximab PET showed increased
uptake. However, lung biop-
sies for research purposes in
these patients are not feasi-
ble due to the risks of the pro-
cedure.

In our study, highest [39Zr]
Zr-rituximab uptake was found
in peribronchiolar and peri-
hilar regions. These regions
are consistent with data of
a histology driven open-lung
biopsy study by Atkins et al. in
2006 where RA-associated IP
showed follicular B cell hyper-
plasia around peribronchiolar
lymphoid aggregates [9]. Th-
ere were also cases demon-
strating subpleural activity in the upper lobes,
which matched with some fibrotic areas on CT.

Patient with allergic reaction to therapeutic
rituximab

One patient (case 9) developed an allergic reac-
tion with hypotension during infusion of the first
100 mg unlabelled (therapeutic) rituximab after
which rituximab infusion was ceased. Increased
serum blood anti-rituximab IgG antibodies (66
AU/ml) were found 2 weeks later proving an
allergic reaction to rituximab. This patient never
received rituximab before, nor any other mono-
clonal antibody therapy. This is a rare, but not
uncommon side effect. There were no remark-
able differences in this patient’s diagnosis
compared to other patients, only a slightly
increased amount of fibrosis present in the
lungs. However, this patient did receive labeled
[89Zr]Zr-rituximab within 4 hours after the ceas-
ing unlabelled (therapeutic) rituximab without
any reaction. This patient demonstrated the
highest activity of Zr-89 in mediastinal lymph
nodes and lung parenchyma compared to the
other 9 patients who did receive a full thera-
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Figure 3. [*®F]FDG PET/CT and [®Zr]Zr-rituximab PET/CT of patient 4. (A) [**F]FDG PET axial views (top: PET, bottom:
fusion PET/CT); (B) Maximum intensity projection of [*8F]FDG PET; (C) [®°Zr]Zr-rituximab PET (top: MIP image, bottom:
fusion PET/CT); (D) HRCT or respective axial level of (A and C). 44-year-old patient with antisynthetase associated
usual interstitial pneumonia. In the axial views of the [*8F]FDG PET image (1 week before rituximab) no increased
uptake is seen in the pulmonary regions (perhaps some asymmetry in right versus left lung due to poor aeration)
nor in the mediastinal or hilar lymph nodes. The [#9Zr]Zr-rituximab PET (C) demonstrated mainly visual diffusely
increased pulmonary activity, in contrast to [*®F]FDG PET (A, B). The parenchyma shows a moderately increased
activity in patchy areas such as in the left lower lobe (white arrow) without any clear anatomical substrate on CT (D).

There is normal splenic activity.

peutic dose of rituximab before [39Zr]Zr-ritu-
ximab. The higher uptake in lymph nodes found
in case 9 is consistent with previous PET stud-
ies in which [39Zr]Zr-rituximab showed specific
uptake in lymph nodes [11, 17]. The absolute
SUV activity after 6 days was still higher than
the other patients. We have considered this
finding to be significant and we will address this
in the following section.
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Concerns with pre-load (cold blocking) protocol
in patients with interstitial lung disease

Due to the findings in case 9 we have concerns
about the dosing protocols and biodistribution.
We used a fixed treatment dose of 1000 mg
rituximab at day O, prior to i.v. administration of
10 mg of labeled [#9Zr]Zr-rituximab. This is an-
alogous to previously published studies with
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I

Figure 4. [*®FIFDG PET/CT and [89Zr]Zr-rituximab PET/CT of patient 2. (A) [*8F]FDG PET axial views (top: PET, bot-
tom: fusion PET/CT); (B) Maximum intensity projection of [*®F]FDG PET; (C) [®Zr]Zr-rituximab PET (top: MIP image,
bottom: PET); (D1 and D2) Respective HRCT images of (A and C). 67-year-old male, with rheumatoid arthritis associ-
ated usual interstitial pneumonia. In the axial views of the [*8F]FDG PET image (1 week before rituximab) moderate
increased [*®F]FDG uptake is seen in the subpleural basal pulmonary regions in some para-fibrotic areas with some
honeycombing (D1), but not in the mediastinal or hilar lymph nodes. The [8°Zr]Zr-rituximab PET shows mainly dif-
fusely increased pulmonary activity. The parenchyma shows a moderately increased activity in patchy areas such
as in the left upper lobe (cross hairs) this region has no honeycombing (D2). The basal subpleural regions did not
show visible increased [#°Zr]Zr-rituximab activity, contrast to [*®F]FDG image (A). There is normal splenic activity.

89Zr-labeled rituximab [11, 18]. In our rare dis-
ease population we could not perform a dose
escalation study in advance, nor a dose-finding
study for the 10 mg dose of [39Zr]Zr-rituximab.
Therefore, we chose to follow previously pub-
lished protocols for [89Zr]Zr-rituximab imaging.
A cold pre-load is usually given to improve bio-
distribution (of [°Zr]Zr-rituximab) by decreasing
the *“antigen-sink” effect caused by normal
CD20-positive B cells in the circulation, bone
marrow and the spleen [17]. A cold pre-load
method has significant improvement in the tar-
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geting of tumor sites, but also in targeting of
inflamed joints of patients with rheumatoid
arthritis [11]. However, when case 9 received a
significantly lower (therapeutic) pre-load dose
than the other cases, the biodistribution im-
proved visually as well as quantitatively. This
raises a major concern, as the high dose of
unlabeled rituximab is probably competing with
the relatively small dose of radiolabeled ritux-
imab, resulting in blocking of tracer uptake. We
therefore assume that the uptake of [59Zr]
Zr-rituximab was underestimated in the other
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Table 3. [89Zr]Zr-rituximab uptake in IMID-IP patients vs RA con-

trols, as assessed with PET on day 3

higher radioactivity dose mi-
ght be justified in this patient

IMID-IP (N=10) RA (N=5) P value cohort, especially if thera-
SUVmean Lung 0.37+0.095 0.32+0.15 0.166 peutic benefits outweigh the
SUVmax Lung 1.10+0.49 0.37+0.15  0.000282* radiation risk. If our patients
SUV range (0.45-3.45) (0.1-0.69) are scanned at a higher dose,
SUVmean blood pool 0.99+0.30 1.05+0.26 0.647 for instance 36 or 54 MBq
HU Lung -620460.9 -646154.7 0.147 we could have had better
TBRmean 0.41+0.16 0.32+0,14 0.447 count statistics, and possibly
TBRmax 1.25+0.84 0.4240.16 0.018* qualitatively better results on
TBRmax (without case 9) 0.97+0.40 0.42+0.16 0.004* day 6. However it is essential

*Samples test significance below P<0.05; SUVmean = mean standard uptake
value, SUVmax = maximum standard uptake value, TBRmean = mean target-to-
blood pool ratio, TBRmax = maximum target-to-blood pool ratio. Target tissue is lung
tissue. HU lung = mean Hounsfield Unit in the lungs; please not these are low dose

CT scans with breathing artefacts.

cases. A dose escalation study is needed to re-
evaluate the current pre-load protocol for in-
flammation studies.

[8°Zr]Zr-rituximab PET image quality and pos-
sible improvements

There are several factors to be addressed: the
dose activity of [®9Zr]Zr-rituximab given, the
scan time on PET/CT and the protocol in rela-
tion to the therapeutic unlabeled rituximab. The
18 MBq dose was at the lower sensitivity limit
of the PET/CT scanner and it was necessary to
scan for about 45 minutes (three bed positions)
to get adequate results. Although no severe
breathing or movement artefacts were detect-
ed, we did not expect any improvement from
longer scanning than 15 minutes per bed posi-
tion. The count statistics of the day 6 scan was
far less than the day 3 scan, and were qualita-
tively inferior than day 3. We were restricted by
the 18 MBq dose limit based on the notion of
the Medical Ethics Committee on radiation
safety that patients with auto-immune disease
should not receive more than 10 mSv of radia-
tion dose. This restriction was partly because
we wanted to include as many patients as pos-
sible including younger patients. On the other
hand, cancer patients are allowed to receive
much higher radioactivity doses of [8°Zr]Zr-ritu-
ximab, which is 74 MBq and equivalent to up to
60 mSv or radiation dose [17, 18]. From a medi-
cal point of view, however, the life expectancy
of our therapy resistant cohort is less than 10
years, some even less than 5 years [19] and
thus comparable to some cancer patients. In
future studies, we believe that scanning at a

305

that scanners become even
more sensitive, more sensi-
tive than current digital scan-
ners, thus improving count
statistics of low doses of ra-
diopharmaceuticals [20, 21].
Even if higher [8°Zr] doses were used, [8°Zr] still
has lower spatial resolution and increased
noise (due to scatter and background variation)
when compared to [*8F] [22]. [8°Zr]Zr-rituximab
PET scan quality should therefore be optimized
using special software algorithms to provide
more useful information with less scanning
time, adding to more practicality in everyday
clinical use.

In life threatening auto-immune diseases, such
as our IMID-IP study population, it is clinically
important to use expensive drugs appropriate-
ly. Patients can have side-effects from the ther-
apy while not having any beneficial effects and
at a higher cost. With the advent of so-called
precision or personalized medicine, we need to
be able to predict therapeutic effects in indi-
vidual patients more pro-actively than conven-
tional methods. Our study provides the first
successful step in imaging [89Zr]Zr-rituximab in
patients with auto-immune lung diseases.
However, further research should demonstrate
if [8°Zr]Zr-rituximab PET/CT could indeed pre-
dict therapeutic response. If successful, these
scans could potentially be important biomark-
ers in the clinical management of expensive
drugs in everyday practice.

Conclusion

Immunotherapy in the form of monoclonal anti-
bodies is widely used for cancer treatment and
also for treatment of several auto-immune dis-
eases. Lately more clinical studies have imple-
mented immuno-PET as a research tool in pre-
diction and selection of cancer patients who
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would be eligible for immunotherapy. Our man-
uscript describes the first immuno-PET study
using Zr89 labelled rituximab in a non-cancer
patient cohort: patients with therapy refractory
interstitial pneumonitis. This trial is registered
at ClinicalTrials.gov identifier: NCT02251964.

In our manuscript, we report the first immuno-
PET findings in 10 patients with autoimmune
lung conditions, making three key observa-
tions: 1) Despite some technical (radiation
safety) restrictions, the implementation of [3°Zr]
Zr-rituximab PET does show measurable differ-
ences between our auto-immune patients. This
is an important finding since we used a lower
Zr89 radiation dose than previously published.
This finding also opens a path to a follow-up
study to analyse the correlation between clini-
cal response and immuno-PET findings in our
patients with auto-immune diseases. 2) Im-
muno-PET in this patient cohort seems safe
even though one patient had a severe allergic
reaction to rituximab. The scan can be per-
formed without a risk of side-effects from the
therapeutic rituximab. 3) The findings suggest
that the scanning protocol could be further
optimized using a different therapeutic rituxi-
mab dose and/or injection of [®9Zr]Zr-rituximab
before therapeutic rituximab, which is different
than previously published in cancer patients.
This is likely to impact other immuno-PET stud-
ies in non-oncology patients. Although this may
improve image quality, higher PET/CT scanner
sensitivity seems of vital importance.
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Addendum

Rituximab (0.5 mL of 10 mg/mL (33 nmol)) was diluted to 0.5 mg/mL with 0.9% NaCl (470 L), after
which the pH was adjusted to 9.5-9.7. Two equivalents of Fe-TFP-N-suc-desferal in acetonitrile (20 uL of
3.3 nmol/uL, 66 nmol) were added, mixed carefully and reacted for 30 minutes at room temperature.
Next, 50 pL of 100 mg/mL gentisic acid pH 4.0-4.2 were added, followed by adjustment of the pH to
4.20-4.50 with 0.25 M sulfuric acid. Hereafter, EDTA (50 uL, 25 mg/mL) was added and reacted for 30
minutes at 35°C to remove Fe, after which the conjugated N-suc-DFO-rituximab was purified by size
exclusion chromatography (PD10, GE Healthcare) and the product collected in 5 mg/mL gentisic acid in
0.9% NaCl pH 4.9-5.3. Hereafter, N-suc-DFO-rituximab was radiolabeled. To this end, 600 pyL 1 M oxalic
acid containing the required amount of 8Zr were mixed with 1800 uL 2 M Na,CO, and reacted for 3
minutes. Next 3 mL 0.5 M Hepes and 2 mL N-suc-DFO-rituximab were added and reacted for 60 min-
utes at room temperature while slowly shaken. After the incubation period [8°Zr]Zr-rituximab was puri-
fied by size exclusion chromatography using a PD10 column. The product was eluted in 5 mg/mL gen-
tisic acid in 0.9% NaCl pH 4.9-5.3. The product was formulated to arrive at an injection dose of 18
MBg-5 mg-10 mL [#9Zr]Zr-Rituximab.

The mean of the product pH was 6.02+0.26. The mean radiochemical purity as assessed by iTLC was
99.1+0.3%. To this end 2 uL of product was applied on a TLC strip (Biodex, cat nr. 150-771) and devel-
oped in 10% acetonitrile in 20 mM citric acid + 50 mM EDTA pH 4.8-5.0 as described by the supplier.
[89Zr]Zr-rituximab remains on the baseline, while impurities such as free Zr-89 and 8°Zr-DFO run with the
solvent front. The mean protein integrity was 99.6+1.2% as determined by size exclusion HPLC using a
superdex 200 10/300 GL column (GE) and a mixture of 0.1 M phosphate, 0.15 M NaCl and 0.01 M NaN,
pH 6.2-7.0 in water as the eluent at a flow rate of 0.5 mL/min. The mean immune reactive fraction as
assessed by a binding assay was 90.5+2.3% using SU-DHL-4 cells fixed in 2% paraformaldehyde.
Sterility of each [®°Zr]Zr-rituximab batch was assured by performing a media fill immediately after final
filter sterilisation of each batch. These procedures resulted in a sterile final product with endotoxin lev-
els <0.5 EU/mL. The radiopharmaceutical consists of 10 mg rituximab labeled with 18 MBq Zr-89 in a
total injection volume of 10 mL. Zr-89 was obtained at >740 MBg/mL in 1 M oxalic acid from Perkin
Elmer (Boston, MA, USA).
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