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Altered splenic [89Zr]Zr-rituximab uptake in patients
with interstitial lung disease not responding to
rituximab: could this indicate a splenic
immune-mediated mechanism?
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Abstract: Rituximab (RTX) for immune-mediated inflammatory disease (IMID) with interstitial pneumonitis (IP) re-
sults in non-response in about a third of patients for reasons not well understood. Complete peripheral B-cell deple-
tion in IMID-IP does not seem to correlate with successful treatment outcome. A hypothesis is that splenic B cells
might play a role in B-cell recovery and attraction of naive B cells in non-responsive patients. The aim of this post
hoc analysis of clinical trial data is to search for indicators in [8Zr]Zr-rituximab PET/CT data from the spleen that
might explain non-responsiveness. PET/CT data of 20 patients with IMID-IP, who were enrolled in a phase Il trial and
treated with RTX were analyzed. Clinical outcome was categorized into responders (RSP) and non-responders (NR)
after 6 months of initial RTX by two independent pulmonologists. Patients were examined separately to search for
associations between clinical outcome, splenic activity on PET/CT, lymphocyte counts and other biomarkers. Treat-
ment failure was found in 6/20 patients (30%) while all patients exhibited B-cell depletion from the circulation. NR
patients demonstrated significantly higher splenic activity than RSP patients (non-preload protocol: SUV 4.9+1.96
and SUV 2.3+1.08 respectively, P=0.025). No correlations between treatment outcome and serum lymphocyte
subsets were found. Our findings suggest a potential splenic mechanism in IMID-IP patients non-responding to RTX
and warrant further consideration and investigation.
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RTX therapy and relapse following RTX. Com-
plete B-cell depletion in IMID has not been
shown to correspond with expected successful

Introduction

Treatment failure following anti-CD20 therapy

in immune-mediated inflammatory disease in
interstitial pneumonitis (IMID-IP) using ritux-
imab (RTX) occurs in approximately 30% of
patients after initial treatment, and the mecha-
nisms of treatment failure in non-responders
are still incompletely understood [1]. Progre-
ssion of IMID-IP can have serious and fatal con-
sequences; therefore it is essential to under-
stand the mechanisms underlying failure of

treatment outcome after 3-6 months from
baseline, while the earliest cases of re-popula-
tion of B-cell to normal values have been dem-
onstrated to occur well beyond 6 months of
initial RTX therapy [2]. In light of these observa-
tions, alternative diagnostic tools are required
to understand the treatment failure in RTX ther-
apy, with a focus on the role of the spleen, as it
is involved in a broad array of immune system
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processes. Histological studies demonstrated
that RTX efficiently depleted splenic and circu-
lating B cells one month after initial therapy;
nevertheless, this did not correlate with suc-
cessful treatment response [3]. In an autoim-
mune encephalomyelitis model, it was demon-
strated that B cells repopulated spleen subst-
antially earlier than the blood compartment [4].
This could be indicative of why autoimmune
encephalomyelitis patients relapse sooner
than in rheumatoid arthritis patients and also
why the recommended effective dose of RTX
given during the course of the disease, is more
than twice higher in autoimmune encephalomy-
elitis [5, 6]. The spleen contains distinct B cell
lineages, and it is not clear how these lineages
relate to treatment outcome, especially in IMID-
ILD [7]. RTX antibody availability has also been
considered a factor in treatment response,
while closely related to the B cell depletion rate,
it is not related to clinical outcome in patients
with rheumatoid arthritis [8].

Understanding the role of the spleen and RTX
might guide management for re-treatment or
alternative immunologic dosing regimen in RTX
refractory patients. Recently, the role of the
spleen and RTX treatment has come under
attention through a novel imaging technique
using [®9Zr]Zr-rituximab PET/CT [9]. This post
hoc analysis study explores the targeting of
CD20 cells in the spleen using this technique
and its correlation to treatment response.

Methods
Inclusion criteria

A Dutch cohort of patients with IMID-IP, part of
a phase Il prospective trial, were referred to the
department of pulmonology of St. Antonius
hospital Nieuwegein, a tertiary center of pulm-
onology for treatment of rare lung diseases
between May 2015-April 2017. All patients
gave written informed consent prior to partici-
pation. Patients with pulmonary function de-
cline were included according to strict selection
criteria, published in full detail at ClinicalTrials.
gov identifier: NCT02251964 (https://clinical-
trials.gov/ct2/show/NCT02251964). Patients
younger than 18 and older than 70 were exclud-
ed. All were therapy refractory to first-line (corti-
costeroids) and second-line therapy (cyclophos-
phamide or azathioprine). Exclusion criteria
were residual lung volume >120% predicted at
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screening, DLCO <25% of the predicted value
at screening measured at rest. Patients having
any signs of infection were not eligible.

Intervention

A dose of 1 g rituximab was administered intra-
venously on day 1 and day 14 preceded by
premedication: acetaminophen, dexametha-
sone and antihistamine according to protocol.
Adverse events and serious adverse events
were documented and reported to the medical
research ethics committee united (MEC-U)
under NL49534.100.14.

Biomarker measurements

Blood samples in EDTA were taken before infu-
sion of RTX to determine baseline values of CA
15.3, IL-18, procalcitonin (PCT) in plasma, and
CD19* B cells, CD56" NK cells, and CD3*/
CD4*CD8" T cells in whole blood. Blood sam-
ples were stained with monoclonal antibodies
against CD3, CD8, CD45, CD4, CD16, CD56
and CD19 (Becton Dickinson, New Jersey, USA),
and flow cytometric analysis was performed
using the FACS Canto Il (Becton Dickinson, New
Jersey, USA). The following lymphocyte subpop-
ulations were quantitatively measured: T-lym-
phocytes (CD3*), B-lymphocytes (CD19%), Na-
tural Killer (NK) cells (CD3/CD16*56%), T-helper
cells (CD4*) and cytotoxic/suppressor T-cells
(CD8*). Two weeks, three months and six
months after RTX lymphocyte measurements
were repeated and CD4'/CD8" ratio calculated.
Frequencies of B-cell compartments were only
determined at baseline due to a low B-cell
count during the remaining months. The follow-
ing serological markers were measured using a
Human Magnetic Luminex Assay (R&D Systems,
Minnesota, USA): CA 15.3, IL-18, B-Cell Activ-
ating Factor (BAFF) and PCT.

Criteria of response assessment

RTX treatment success or failure after 6 months
was determined by two independent pulmon-
ologists specialized in ILD according to specific
criteria until consensus reached. The criteria
were as follows: 1) the overall clinical state
judged on vital signs, 2) indicators, pulmonary
function parameters (forced vital capacity and
diffusing capacity for carbon monoxide) and 3)
changes in imaging by way of chest x-ray, high-
resolution computer tomography (HRCT). Pa-
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tients with a worsening clinical state were
defined as non-responders (NR), patients with
disease stabilization or with a clinical improve-
ment as responders (RSP).

[E%Zr]Zr-rituximab PET/CT

Using 10 mg of RTX, [®9Zr]Zr-N-suc-DFO-ritu-
ximab, abbreviated as [3°Zr]Zr-rituximab was
synthesized using 18 MBq Zr® (half-life 78.4
hours) according to previously published proto-
col [10, 11]. Detailed description of [89Zr]Zr-
rituximab production and QC procedures can
be found in the supplementary methods in
(Table S2). Previous studies with [89Zr]Zr-
rituximab were mainly performed in lympho-
ma patients with considerable CD20-express-
ing tumor load, and a substantially higher like-
lihood of ‘left-over’ CD20 targets for [89Zr]Zr-
rituximab after preloading with RTX. By con-
trast, IMIDs are fundamentally different from
lymphomas and large monoclonal B-cell popu-
lations are non-existent by definition. It was
hypothesized that after preloading with thera-
peutic RTX, all the CD20 targets in the lungs
might be already fully saturated, preventing
[89Zr]Zr-rituximab from binding to CD20 targets.
The saturation effect of RTX in the lungs must
be excluded, therefore after the first ten
patients we have amended the study protocol
to allow a PET preparation protocol without a
preload. The doses of RTX and [89Zr]Zrrituxi-
mab were similar in both protocols [9]. In the
preload protocol (n=10) subjects received ther-
apeutic RTX within 4 hours prior to infusion with
18 MBq [#9Zr]Zr-rituximab (containing 10 mg
RTX), and in the non-preload protocol (n=10)
patients received RTX within 4 hours subse-
quent to the infusion. Patients were scanned
using an analogue Philips Gemini TF PET/CT
(Philips Medical Systems, Best, the Nether-
lands), in accordance with Zr-harmonization
protocol [12, 13]. PET images were taken 15
minutes per bed position from the lower neck
to splenic region, 3 days after injection of [89Zr]
Zr-rituximab. Standardized uptake values (SUV)
were measured in the liver and spleen using a
4-14 cm® volume (2 cm radius) of a predefined
volume of interest (VOIs).

Statistics

For the descriptive statistics on continuous
data the independent and paired-sample T-
tests were performed, and a P-value <0.05 was
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regarded as statistically significant. A Bonfe-
rroni correction (for multiple testing) was app-
lied where relevant. Additional correlations
between subsets and outcome measures were
performed using bivariate correlation using the
Pearson correlation coefficient and two-tailed
test of significance. Due to the low sample size
a ROC curve was not of added value. The statis-
tical evaluation was performed using SPSS ver-
sion 22 (IBM, Armonk, New York, USA).

Results
Clinical characteristics

Twenty patients completed the study protocol
including RTX therapy, blood tests and [59Zr]
Zr-rituximab PET/CT (male [n=9], female [n=11],
mean age 60.2+10.4 years). A supplement is
available further detailing all patient character-
istics (Table S1). Four patients (20%) had RA-
associated interstitial lung disease (ILD), six
patients (30%) antisynthetase syndrome (ASS)
related IP, seven (30%) patients chronic extrin-
sic allergic alveolitis (CEAA) and four patients
(20%) other types of connective tissue disease-
related IP (CTD-ILD). At baseline, all patients
had abnormal median values of the following:
CA 15.3 was 116.0+233.9 (reference 7-30 U/
ml), IL-18 was 267.2+264.9 (reference 0-70
pg/ml) and PCT was 27.2+19.7 (reference
<100 ng/ml). After 6 months, all 20 patients
were categorized into two groups: 70% is RSP
or treatment success (n=14) and 30% NR or
treatment failure (n=6) by consensus of two
independent pulmonologists.

Correlation of clinical outcome and lympho-
cytes after RTX

Baseline absolute counts of CD19* B cells
decreased significantly in all patients to levels
less than 5% of initial values, and absolute val-
ues remained below normal during the follow-
up period (Table 1 and Figure 1). NK-cells,
CD3*, CD4*, CD8" were within normal range and
without significant differences between groups.
In the NR group, a higher average CD4*/CD8*
ratio was observed in comparison with the RSP
group, although this was not statistically signifi-
cant. At 6 months the CD8* count was lower in
the NR group, but did not statistically differ
from the RSP group. Mean BAFF measure-
ments showed higher absolute concentration
of 1874.5+1138.6 ng/ml in NR patients [n=5]
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Table 1. Biomarkers before and after rituximab treatment (N=20)

Baseline £ SD 2 week post RTX 3 month post RTX 6 month post RTX

Treatment success
CD19 B cell 10%/L (reference 0.10-0.60) | 0.06+0.12*
CD19 B cells in % 100
NK-cells 10°%/L (reference 0.10-0.60) 0.072+0.16
T-cell CD3* 10°%/L (reference 0.7-2.1) 0.87+0.50
T-cell CD4* 10%/L (reference 0.4-1.4) 0.50+0.41
T-cell CD8* 10°%/L (reference 0.20-1.1) 0.32+0.31
CD4*/CD8" ratio (reference 1.0-3.5) 1.50+3.8*

Treatment failure
CD19 B cell 10%/L (reference 0.10-0.60) | 0.071+0.06*
CD19 B cells in % 100
NK-cells 10%/L (reference 0.10-0.60) 0.057+0.11
T-cell CD3* 10°%/L (reference 0.7-2.1) 0.85+0.34
T-cell CD4* 10%/L (reference 0.4-1.4) 0.60+0.30
T-cell CD8* 10°%/L (reference 0.20-1.1) 0.29+0.19
CD4*/CD8" ratio (reference 1.0-3.5) 2 4l5xd5) /5

0.0009 0.010 0.0034
7.15 18.3 41.61
0.09 0.14 0.13
1.10 iL.285 1.25
0.53 0.61 0.52
0.25 0.52 0.53"
2.00 1.00 1.15"

0.0007 0.001 0.00001
1.47 23.6 13.2
0.08 0.22 0.25
i35 1.10 0.82
0.77 0.78 0.59
0.43 0.40 0.16"

215 26 [N

Red: above reference values, green: within reference values and blue: below reference values. *Values are not significant
between treatment outcome groups (CD19 P=0.57; CD4*/CD8" ratio baseline and 6 months P=0.65 and 0.43; CD8* P=0.33).
TOne outlier showed increase of 238% after 6 months with absolute value at the lowest limit of normal. Without the outlier
value is 19.7% at 6 months post RTX. CD4*/CD8" ratio in the treatment response group at 6 months was with a SD+4.67 and

not significant. Values expressed as medians.

versus 1333.2+744.9 ng/ml for RSP [n=14]
(reference <2 ng/ml) however not significantly
different.

Correlation of clinical outcome and [5°Zr]Zr-
rituximab PET

A subgroup analysis was performed between
NR and RSP patients and injection protocol.
Visually the non-preload protocol demonstrat-
ed higher splenic activity and sometimes bone
marrow activity while preload patients demon-
strated lower splenic activity with lower bone
marrow activity, consistent with previous stud-
ies. Quantitative measurement using SUV
mean values in the spleen were expectedly dif-
ferent between groups using the preload and
non-preload protocol (Table 2). Subgroup anal-
ysis demonstrated no significant differences in
absolute [89Zr]Zr-rituximab liver activity be-
tween preload/non-preload protocol within NR
and RSP. [8Zr]Zr-rituximab with non-preload
protocol showed a higher splenic SUV for NR
(n=4) patients than RSP (n=6) patients: SUV
4.95+1.96 and SUV 2.3+1.08, respectively,
also demonstrating a negative correlation with
clinical outcome, a higher splenic activity cor-
related with worse outcome (Pearson K=0.7
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and P=0.03) (Figure 2). In addition, post hoc
test confirmed splenic activity significance
(P=0.022) in non-preload group. When review-
ing the splenic activity in the non-preload proto-
col, in both NR and RSP patients the spleen
appears to be more active than the liver, how-
ever a higher measurable difference was dem-
onstrated in the spleen of the NR patients
(Figure 3).

Discussion

[89Zr]Zr-rituximab is a novel imaging method
of the pharmacokinetics of rituximab in vivo.
Utilizing this technique, higher splenic activity
was found in NR patients in this study using the
[89Zr]Zr-rituximab non-preload protocol, while
absolute lymphocyte counts were not statisti-
cally different compared to the RSP group. Prior
to inferring normative conclusions from these
findings, it is important to establish (1) if the
[89Zr]Zr-rituximab PET/CT is a reliable method
for measuring splenic activity, (2) the validity of
the methods used, and (3) the premise and
other evidence supporting these findings.
Regarding the former, our experience with [8°Zr]
Zr-rituximab in IMID-IP patients has demon-
strated it to be a highly specific tracer to visual-

Am J Nucl Med Mol Imaging 2020;10(4):168-177



Altered splenic [89Zr]Zr-rituximab uptake in nonresponding ILD patients

40 B-cell NK cell
1.00-
= =
£ 2 80
- -
< c
3 1
S o 60—
§ .20 § REF UP
=3 o
3 ]
< < .40
10| ~——
REF LOW
.00
T T T T T T T T
0 2 12 24 0 2 12 24
Weeks Weeks
2.00- 3.00+ CDS8+T
2,50 p
o o /
g 150 &
e
- . 2007
£ c —
3 3 -
Q o -
o o -
g 1.00- §
] ]
0 1]
2 o
< <
.50
REF LOW
.00+
T T T T T T T T
0 2 12 24 1 2 3 4
Weeks Weeks
5.00 CD3+ T 20.00~ CD4+,CD8+
4.00
-
- =
o = 15.00
E S
- -
S 300 5
e =]
o o
2 @
§ E 10.00
° S
0 [}
2 o
< <
5.00+
.00+ .00+
T T T T T T T T
0 2 12 24 0 2 12 24
Weeks Weeks

Figure 1. All absolute values displayed of cell counts in 10°/L and weeks after initial RTX therapy at baseline (O
weeks) and second infusion at week 2. Top left: B-cells. Absolute B-cell counts were far below lower normal refer-
ence values within 2 weeks, therefore upper limit is not visible in this scale. One patient showed B cell recovery after
3 months to lower range reference values. Top right: NK cells. Most values did not appear to change significantly.
Middle left: CD4* T-cell. Values fluctuated mostly within normal reference values with no clear indication of changes.
Middle right: CD8* T-cell. Values mostly within normal limits with no apparent change after RTX. Bottom left: CD3*
T-cell. No apparent changes after RTX therapy with values well within normal limits. Bottom right: CD4*/CD8"* ratio.
Few patients with higher ratios but remained without significant changes after 3-months.

ize CD20 cells in vivo [11, 14, 15]. Although dard, splenic biopsies were outside the scope
histologic evidence is considered the gold stan- of our initial study in IMID-IP patients as this is
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Table 2. [3°Zr]Zr-rituximab activity in spleen and liver using two different protocols

Preload protocol (n=10)

Non-preload protocol (n=10)

Combined (n=20)

Spleen Liver

Treatment failure (n=6)
(0.60) (1.25)

Treatment success (n=14) 0.75+0.26 1.00+0.19

(0.63) (0.97)

0.60+0.16 1.25+0.56 & 4.95+1.96"

Spleen Liver Spleen Liver
0.86+0.20 | 3.50+2.71* 1.00+0.35

(5.44) (0.86) (3.54) (0.94)
2.3+1.01" 0.90+0.18  1.43+1.06" 0.96+0.19

(2.7) (0.86) (0.86) (0.95)

Values are expressed as means; (median values in italic type) for reference. "Green = samples test significant difference
between groups with P<0.03; All values in Standard Uptake Value (SUV).

6.00

4.00-

Suv

T .

.00 T

T
NR RSP
Treatment outcome

2.00

Figure 2. [®9Zr]Zr-rituximab activity measured in SUV
in the spleen (triangle) and liver (asterisk) reference
using the non-preload protocol, between treatment
outcomes: non-responders (NR, n=4) and respond-
ers (RSP, n=6). There is significantly higher splenic
activity measured in the NR group.

an explorative post hoc study. Also given the
high-risk nature of this procedure, a biopsy
proposition must be based on substantial evi-
dence beforehand. [#°Zr]Zr-rituximab seems to
be a highly specific imaging technique to estab-
lish a CD20 cell count/estimate in various body
parts, in vivo. However splenic biopsies may
have to be performed in future studies.

Several caveats and limitations in this study
should be considered, including the PET proto-
col, technical PET image quality, therapeutic
rituximab dosing and statistics. As this was the
first study performed in IMIDs with interstitial
pneumonitis using [8°Zr]Zr-rituximab, an estab-
lished PET preloading protocol was used
according to previous immuno-PET studies per-
formed on patients with lymphoma. In hemato-
logical patients, where large volumes of circu-
lating clonal cells are characteristic, therapeutic
RTX was initially given within 4 hours before
[89Zr]Zr-rituximab, which has been demonstrat-
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ed to improve image B-cell targeting and PET
image quality [16, 17]. When a fixed treatment
dose of 1 g rituximab is given prior to intrave-
nous administration of 10 mg of labelled [8°Zr]
Zr-rituximab, the amount of [8°Zr]Zr-rituximab
trapped in the spleen and bone marrow is ex-
pected to decrease, and more [8°Zr]Zr-rituximab
would become available for targeting CD20
cells. However variation of splenic activity was
still measured in patients despite preloading
with RTX, the amount of activity varied from
mGy/MBq 2.8 to 51.0, indicating high variabili-
ty [18]. Unfortunately, there was no clinical fol-
low-up of this particular study to asses correla-
tion of splenic activity and treatment effect. As
there are major differences in CD20 target vol-
umes between IMID-IP patients and hemato-
logical patients suffering from lymphomas, the
preload protocol in IMIDs was debated. We pro-
posed in our study that there was a higher likeli-
hood of blocking all CD20 targets in IMID
patients in the lungs with preloading, therefore
reducing [8°Zr]Zr-rituximab available CD20 tar-
gets in the lungs. Higher absolute SUV values
were found in the lungs when preloading was
not used, suggesting that dosing protocols and
subsequently biodistribution of the tracer had
to be adapted and optimized in patients with
IMID [11]. Current data show that a non-preload
protocol with [8°Zr]Zr-rituximab injection prior to
therapeutic RTX result in higher SUV values in
different target organs, such as the lungs,
spleen and blood pool, while the activity in the
liver remained relatively constant.

While the [3°Zr]Zr-rituximab has been thorough-
ly tested and validated using mouse studies,
the [89Zr]Zr-rituximab PET/CT has been validat-
ed with physics studies, including the develop-
ment of a [89Zr] harmonization protocol and hu-
man studies through various multicenter vali-
dation studies with excellent reproducibility
[12, 19, 20]. To minimize signal-to-noise eff-
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NR patient

RSP patient

: H
w .ﬂ;tk :

Figure 3. [8°Zr]Zr-rituximab activity in the spleen using the non-preload pro-
tocol, between treatment outcomes: non-responder (NR) on the left and re-
sponder (RSP) on the right. There is significantly higher measurable splenic

scanned area. As these are
particularly noisy areas, small-
er VOIs were applied. There
have been studies that mea-
sured the spleen and liver
using 2D ROI, which correlated
well with white blood counts in
studies using fluorodeoxyglu-
cose [*®F]-FDG [22]. Although
SUVmean worked satisfactori-
ly, for future studies it is recom-
mended to perform a total vol-
ume measurement of the
spleen.

activity in the NR patient (arrow) and a slight bone marrow uptake. No par-

ticular adjustment is made on the scale bar to reflect the difference.

ects, the scanning time was 15 minutes per
bed position, considerably longer than a nor-
mal routine PET scan. In our study only three
bed positions were performed per patient (from
the chest and part of the liver/spleen area), and
this took approximately 45 minutes scanning
time while the patient was inside the PET scan-
ner. It was well tolerated since oxygen was
available and no movement artefacts occurred.
Even though we utilized a long scanning time to
acquire sufficient signals, the end image quality
result was still quite less than routine PET with
a higher dose, a limitation also addressed in
our previous publication [9]. This limitation in
image quality was also an important reason not
to include bone marrow PET activity, as the
measurements were less reliable, and we have
taken several immunological markers related
to bone marrow development of immune cells
from the blood instead. Using state-of-the-art
digital PET scanners with higher sensitivity,
however, several image quality issues can be
overcome in the future. Another limitation in
our scans was that the spleen was not always
completely visible depending on the scanner
range. As a result, total organ volume assess-
ment was not always feasible. To overcome this
limitation, the VOI was measured instead and
proved quite reliable as the spleen demonstrat-
ed a diffuse [®°Zr]Zr-rituximab uptake. Using a
VOI or ROI technique delivers the same SUV-
mean values on the liver [21]. Measurements
showed a difference in the standard deviation,
but not the SUVmean measurement itself. We
have only used absolute SUVmean values for
statistical analysis per patients and avoided
measuring on the scanning borders of the
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There are a few aspects of
[89Zr)Zr-rituximab and RTX ther-
apy that are noteworthy. First and foremost,
there is no evidence in the literature that a
change in injection protocol of [8°Zr]Zr-rituximab
4 h prior or after therapeutic RTX, has any
effect on treatment outcome since [#9Zr]
Zr-rituximab dose is 200 times lower than the
therapeutic range, therefore it is considered
negligible. In both NR as RSP patients, a signifi-
cant reduction in CD19 B cells was found, thus
validating the effectiveness of rituximab in
these patients. In addition, dose effectiveness
trials have shown that treatment with a fixed
dose of rituximab using 2x 1000 mg dose is as
effective as 2x 500 mg dose in patients with
rheumatoid arthritis, and there are even indica-
tions to using lower doses [23, 24]. As rheuma-
toid arthritis is considered an IMID, our IMID-IP
patient population fall within the group of auto-
immune disorders that include rheumatoid
arthritis, we have no indication that NR patients
have been undertreated. Furthermore, no
major differences in body weight, neither were
other confounding factors noted, including age.
Since extreme bodyweight also may potentially
lead to attenuation artefacts, and lower quality
PET images we have not selected patients
above 100 kg.

A major limitation of this study is the small sam-
ple size, with n=6 and 14 in the NR and RSP
group, respectively. Dividing these patients fur-
ther into subgroups resulted in 2 NR patients in
the preload group and 4 NR patients in the non-
preload group. Within the NR subgroup, 2 NR
patients received the preload. Considering the
small group sizes, it was realistic to keep statis-
tics mostly descriptive. Larger patient groups
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must be included in future studies, perhaps in
pooled collaborative efforts, to conduct infer-
ential statistics.

Possible splenic immune-mediated mecha-
nisms

In this post hoc analysis in a small subset of
patients, we did demonstrate a higher activity
in the spleen in NR patients. Even though this
finding requires validation by larger studies and
using more sensitive scanners, it has signifi-
cant implications if verified. The spleen is the
largest lymphoid organ containing specific sub-
sets of lymphocytes and myeloid cells, which
are known to be involved in the progression of
multiple diseases. There are several B cell lin-
eages in the spleen which may or may not have
a causal role in treatment failure even after
effective CD20 therapy (measured in the per-
ipheral blood). As immature B cells do not have
CD20* receptors, they will not be depleted by
RTX. So 4-6 weeks after the last RTX dose,
these cells migrate from the bone marrow and
start repopulation. Repopulation is a slow pro-
cess and immature cells will migrate to BAFF
producing locations, such as lymph nodes and
spleen. We found a noteworthy trend of higher
levels of BAFF in the NR patients compared to
RSP. Steadily, more publications are focusing
on splenic mechanisms in immune-mediated
conditions, including work on sympathetic
nerve hyperactivity in the spleen as a causal
effect in IMIDs, or anti-inflammatory pathways
via the spleen using vagal nerve stimulation
[25, 26]. Considering rituximab is very specific
for CD20, and CD20 is exclusively expressed on
B cells, our data infers a possible association
between recovery of splenic B cell numbers
and disease non-responsiveness in IMID-IP. As
B cells are still absent in the blood, it appears
newly generated B cells rapidly migrate from
the bone marrow to the spleen in these pa-
tients, while they may distribute more broadly
in RSP patients. It is not likely that these B cells
in the spleen of NR patients are directly respon-
sible for disease activity, it is more likely the
ongoing disease activity in the spleen (most
likely mediated by T and myeloid cells) attracts
and activates naive B cells. As differentimmune
system mechanisms can be implicated in NR
patients when using anti-CD20 therapy, the
current imaging findings have rendered a
research agenda for a possible splenic process
being involved.
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Conclusion

Differences in splenic CD20 activity between
IMID patients with a response or non-response
to treatment have been demonstrated in this
explorative study in a small subset of patients,
without preloading. While RTX is highly effec-
tive in reducing CD19 B cells, treatment out-
come was not associated with differences in
peripheral blood lymphocyte counts in between
IMID patients. A direct causal effect is not prov-
en, but these preliminary data could suggest
that ongoing disease activity in the spleen
might attract naive B cells thus leading to treat-
ment failure, even after effective CD19 B cell
reduction. Current findings warrant further con-
sideration and a need to further substantiate a
possible link between splenic involvement in
cases with RTX treatment failure.
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Table S1. Description of all patients prior to treatment with rituximab

Patient number Age M/F Diagnosis Year of diagnosis HRCT diagnosis medication Pre-rituximab

1 69 M RA 2013 uiP azathioprine, prednisone

2 67 M RA 2010 uIlP prednisone, cyclophosphamide, azathioprine
3 65 M RA 2013 NSIP cyclophosphamide, methotrexate

4 44 M ASS 2012 uIlP prednisone, azathioprine

5 57 F ASS 2015 fNSIP prednisone, azathioprine

6 69 F ASS 2009 fNSIP prednisone, azathioprine

7 59 F cEAA 2015 EAA azathioprine cyclophosphamide

8 63 F cEAA 2015 EAA cyclophosphamide, prednisone

9 57 M Scleroderma 2014 fNSIP cyclophosphamide, azathioprine

10 69 F  Connective tissue disease 2010 fNSIP cyclophosphamide, prednisone

11 67 F RA 2008 UIP prednisone, azathioprine

12 63 F CEAA 2007 EAA prednisone, azathioprine, mycophenolic acid
13 71 M ASS 2013 fNSIP prednisone, azathioprine, methotrexate

14 30 Y ASS 2015 fNSIP prednisone, azathioprine, cyclophosphamide
15 61 Vv ASS 2012 fNSIP with OP  prednisone, azathioprine

16 70 M cEAA 2014 EAA prednisone, azathioprine

17 63 Vv cEAA 2014 EAA prednisone, azathioprine

18 68 M cEAA 1991 EAA prednisone, cyclophosphamide, azathioprine
19 55 Vv cEAA 2006 EAA prednisone, azathioprine

20 49 \ Dermatomyositis 2016 fNSIP with OP  prednisone, cyclophosphamide

21 51 M Scleroderma 2014 fNSIP prednisone, cyclophosphamide, azathioprine

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

Table S2. Detailed production and QC procedures of [8°Zr]Zr-rituximab

Rituximab (0.5 mL of 10 mg/mL (33 nmol) was diluted to 0.5 mg/mL with 0.9% NaCl (470 pL), after which the pH was ad-
justed to 9.5-9.7. Two equivalents of Fe-TFP-N-suc-desferal in acetonitrile (20 pL of 3.3 nmol/pL, 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 pL, 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 uL 1 M oxalic acid containing the required amount of 8Zr were mixed
with 1800 pL 2M 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 minutes at room temperature while slowly shaken. After the incubation period [8°Zr]Zr-rituximab was purified by
size exclusion chromatography using a PD10 column. The product was eluted in 5 mg/mL gentisic 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 developed in 10% acetonitrile in 20 mM citric acid+
50 mM EDTA pH 4.8-5.0 as described by the supplier. [8°Zr]Zr-rituximab remains on the baseline, while impurities such as free
Zr-89 and #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 [8°Zr]Zr-rituximab batch was assured by per-
forming a media fill immediately after final filter sterilisation of each batch. These procedures resulted in a sterile final product
with endotoxin levels <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 EImer (Boston, MA, USA).
Reference: Adams H, van de Garde EMW, van Moorsel CHM, Vugts DJ, van Dongen GAMS, Grutters JC, Keijsers RG. [89Zr]Zr-
rituximab PET/CT activity in patients with IMID-IP: a feasibility study. Am J Nucl Med Mol Imaging 2019; 9: 296-308.




