Cell Stem Caell

Phase | Trial: Cirmtuzumab Inhibits ROR1 Signaling
and Stemness Signatures in Patients with Chronic
Lymphocytic Leukemia

Graphical Abstract Authors
Michael Y. Choi, George F. Widhopf Il,

b ROR1 Emanuela M. Ghia, ...,

Januario E. Castro, Catriona Jamieson,
Thomas J. Kipps

Cirmtuzuma

Correspondence

cjamieson@ucsd.edu (C.J.),
tkipps@ucsd.edu (T.J.K.)

In Brief

Choi et al. find that cirmtuzumab, a
humanized mAb specific for the cancer
stem cell antigen ROR1, was well
tolerated and stable in clinical testing in
patients with relapsed chronic
lymphocytic leukemia. Treatment
inhibited activation of Rho-GTPase and
HS1 in vivo and reversed the stemness
gene expression signatures in

Stemness leukemia cells.
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expression signature in CLL

e 4 biweekly infusions of cirmtuzumab prolonged time to next
treatment (TTNT)
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SUMMARY

Cirmtuzumab is a humanized monoclonal antibody
(mADb) that targets ROR1, an oncoembryonic orphan
receptor for Wnt5a found on cancer stem cells
(CSCs). Aberrant expression of ROR1 is seen in
many malignancies and has been linked to Rho-
GTPase activation and cancer stem cell self-renewal.
For patients with chronic lymphocytic leukemia
(CLL), self-renewing, neoplastic B cells express
ROR1 in 95% of cases. High-level leukemia cell
expression of ROR1 is associated with an unfavor-
able prognosis. We conducted a phase 1 study
involving 26 patients with progressive, relapsed, or
refractory CLL. Patients received four biweekly infu-
sions, with doses ranging from 0.015 to 20 mg/kg.
Cirmtuzumab had a long plasma half-life and did
not have dose-limiting toxicity. Inhibition of ROR1
signaling was observed, including decreased activa-
tion of RhoA and HS1. Transcriptome analyses
showed that therapy inhibited CLL stemness gene
expression signatures in vivo. Cirmtuzumab is safe
and effective at inhibiting tumor cell ROR1 signaling
in patients with CLL.

INTRODUCTION

Receptor tyrosine kinase-like orphan receptor 1 (ROR1) is a
type | transmembrane protein that is physiologically expressed
in early embryogenesis and plays a critical role in organogenesis
(Masiakowski and Carroll, 1992; Yoda et al., 2003). Expression
of ROR1 attenuates rapidly after embryonic development,
becoming virtually undetectable on post-partem tissues, with
the exception of a few B cell precursors called hematogones

(Broome et al., 2011). In contrast, ROR1 is expressed on a variety
of cancers, particularly those that are less differentiated, and is
associated with early relapse after therapy or metastasis (Zhang
et al., 2012a, 2012b). Expression of ROR1 in ovarian cancer ap-
pears highest on a subpopulation of tumor cells that also have
markers of cancer stem cells (CSCs) (Zhang et al., 2014) and
are positively correlated with a metastatic trajectory (Gonzalez
et al., 2018). Neoplastic cells from the majority of patients with
chronic lymphocytic leukemia (CLL) express ROR1 (Cui et al.,
2016; Fukuda et al., 2008).

While CLL is not thought of as a prototypical CSC-mediated
malignancy, patients with CLL have aberrant hematopoietic
stem cells that can give rise to monoclonal B cells that resemble
CLL in mice (Damm et al., 2014; Kikushige et al., 2011). More-
over, CLL B cells manifest stemness properties, including niche
dependency and the ability to self-renew or differentiate in
response to microenvironmental signals (Kipps et al., 2017).
CLL cells also may assimilate features of a recently described
“stemness” index, which quantifies the degree to which cancers
acquire progenitor-like stemness features associated with onco-
genic de-differentiation (Crews et al., 2016; Malta et al., 2018;
Milanovic et al., 2018; Zipeto et al., 2016). Indeed, expression
of ROR1 in mouse models of CLL is associated with activation
of gene expression/signaling networks implicated in embryonic
and tumor cell proliferation and CSC self-renewal (Widhopf
et al., 2014). Similarly, the expression of ROR1 in human CLL
is associated with activation of comparable networks, and
high-level leukemia cell expression of ROR1 correlates with rela-
tively short treatment-free and overall survival (Cui et al., 2016).

We found that ROR1 could serve as a receptor for Wnt5a
(Fukuda et al., 2008), which can stimulate ROR1-dependent leu-
kemia cell activation of Rho-GTPases (Yu et al., 2016). Wnt5a
induces ROR1 to recruit 14-3-3¢ (Yu et al., 2017a) and Dedicator
of cytokinesis 2 (DOCK2) (Hasan et al., 2018), which facilitate
activation of Rac1/2 to enhance leukemia cell proliferation.
Wnt5a also induces hematopoietic-lineage-specific protein 1
(HS1) to undergo tyrosine phosphorylation and recruitment to
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the proline-rich domain of ROR1, allowing the phosphorylation of
HS1 in CLL to be used as a surrogate biomarker of ROR1 activa-
tion (Hasan et al., 2017). Prior studies found that HS1 played a
central role in the trafficking and homing of leukemia B cells
and that phosphorylation of HS1 was associated with an adverse
prognosis in patients with CLL (Scielzo et al., 2005, 2010; ten
Hacken et al., 2013).

Inhibition of ROR1 signaling may have therapeutic activity in
patients with cancer. Inhibition or silencing of ROR1 in breast
cancer suppressed epithelial mesenchymal transition (EMT)
and repressed cancer migration and metastases (Cui et al.,
2013). Inhibition of ROR1 inhibited the maintenance of CSC in
ovarian cancer patient-derived xenografts (PDXs) and impaired
CSC self-renewal as evidenced by the decreased capacity of
PDXs to re-engraft immune-deficient mice (Zhang et al., 2014).
Moreover, knockdown of ROR1 in glioblastoma suppressed
expression of EMT-related genes, inhibited metastasis, and
induced differentiation/senescence of CSCs (Jung et al., 2016).

Analysis of sera of patients immunized with autologous leuke-
mia cells transduced to express CD154 revealed that some pa-
tients with favorable clinical outcomes produced anti-ROR1
autoantibodies that could neutralize the pro-survival effects of
Whntb5a on leukemia cells in vitro (Fukuda et al., 2008). This pro-
vided a rationale for developing monoclonal antibodies (mAbs)
targeting ROR1 for potential therapy of patients with ROR1-ex-
pressing cancers. Accordingly, we developed cirmtuzumab
from an antibody originally selected from a library of anti-ROR1
monoclonal antibodies based on its capacity to inhibit ROR1
signaling. Cirmtuzumab has a high affinity and specificity for a
distinctive epitope in the extracellular domain of human ROR1.
Studies have demonstrated that such an antibody could impair
engraftment of ROR1+ leukemia (Widhopf et al., 2014), block
Whnt5a-induced ROR1 signaling, inhibit phosphorylation of HS1
and activation of Rho-GTPases (Hasan et al., 2017, 2018; Yu
et al.,, 2016, 2017a, 2017b), repress genes associated EMT
(Cui et al., 20183), and impair the capacity of primary ovarian can-
cer cells to form spheroids or establish tumor xenografts in im-
mune-deficient mice (Zhang et al., 2014). Investigational New
Drug (IND)-enabling studies demonstrated no cross-reactivity
with normal human tissues and no toxicity when administered
to rodents or non-human primates (Choi et al., 2015). The phase
1 study reported herein was designed to determine the safety
and tolerability of cirmtuzumab, to assess whether it was suit-
able for phase 2 clinical evaluation, and to explore its capacity
to inhibit ROR1 signaling and stemness associated with malig-
nant reprogramming of neoplastic B cells into CSC.

RESULTS

Patient Characteristics

Twenty-six patients enrolled in the study between September
2014 and September 2017. Treatment consisted of four biweekly
infusions of cirmtuzumab at doses ranging from 15 pg/kg to
20 mg/kg (Figure 1A). All patients had relapsed or refractory dis-
ease and objective signs of disease progression requiring ther-
apy, as per international working group guidelines (Hallek
et al., 2018). All patients had received prior anti-CD20 mono-
clonal antibody therapy. Most patients had at least one adverse
prognostic feature, including CLL cell expression of unmutated
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immunoglobulin heavy chain variable region genes, complex
karyotype, and/or deletions in the short arm of chromosome
17 (del(17p)). Each patient had elevated plasma levels of
Whnt5a, which was significantly higher than that found in healthy
age-matched adults (Figure 1B). The pre-treatment CLL cells
of patients included in this study had between 2 x 10° and
1.1 x 10* ROR1 molecules of equivalent fluorescence (MESF)
per cell (Figure 1C), which is comparable to the levels of CD20
on CLL cells (Huh et al., 2001). Fifteen patients had CLL cells
that had a MESF with more than 5.8 x 10% molecules/cell, which
correlated with the fluorescence threshold used to define the
high-level expression of ROR1 associated with adverse prog-
nosis in prior studies (Cui et al., 2016). Additional demographic
information, patient characteristics, and dose assignments per
cohort are provided in Tables S1 and S2.

Pharmacokinetics

To assess pharmacokinetics, we used an ELISA to determine the
plasma concentrations of human IgG that was able to bind im-
mobilized ROR1. Cirmtuzumab was detected within 60 min after
each infusion. Peak concentrations increased with each infusion,
including those at the same dose. Plasma levels of cirmtuzumab
increased proportionally with dose, with peak concentrations
exceeding 400 pg/mL for patients who received doses of
20 mg/kg (Figure 1D). Plasma collected approximately 3 months
after the last infusion still had detectable cirmtuzumab at levels
of >1 pg/mL following doses of 2 mg/kg or higher. We calcu-
lated the plasma half-life of cirmtuzumab to be 32.4 days based
on the pharmacokinetic data of patients in cohort 6 (Figure 1D).

Safety and Tolerability
Cirmtuzumab infusions were safe and well tolerated. Adverse
events (AEs) and laboratory abnormalities are listed in Table 1
regardless of attribution. There was no dose-limiting toxicity
(DLT) and no serious AEs. The main recurrent laboratory abnor-
malities included anemia, thrombocytopenia, and neutropenia,
which were primarily attributed to the underlying CLL. One
instance of grade 3 alanine aminotransferase (ALT) elevation
coincided with a patient having biliary colic associated with
cholelithiasis, so it was not attributed to cirmtuzumab; the asso-
ciated symptoms and ALT elevation did not recur when this pa-
tient was given subsequent infusions of cirmtuzumab. We
observed three instances of self-limiting grade 3 lipase eleva-
tions (greater than two times the upper limit of normal); none
were accompanied by abdominal pain or symptoms of pancrea-
titis. All lipase elevations resolved spontaneously without inter-
vention within 24 hr, including one case that resolved within
2 hr and did not recur with subsequent infusions of cirmtuzumab.
These events were not considered clinically significant or directly
related to the study drug, particularly given the prolonged half-
life of cirmtuzumab of over 32 days. If these AEs were cirmtuzu-
mab related, the amylase and lipase elevations would have
persisted for a longer period. Also, when these same patients
received subsequent infusions of cirmtuzumab, they did not
experience any recurrent elevations in serum lipase or amylase
or other signs or symptoms of pancreatitis.

Overall, no patient discontinued treatment due to an AE. Five
patients discontinued cirmtuzumab prior to completing the four
planned infusions. One patient in the first cohort discontinued
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Figure 1. Study Design, Pharmacokinetics, and ROR1 Pharmacodynamics

(A) Eligible patients had relapsed or refractory chronic lymphocytic leukemia and progressive disease with an indication for therapy. The short duration of
cirmtuzumab administration (four biweekly infusions) was sufficient to determine the primary aim of the study, which was to determine the maximum tolerated
dose or biologically active dose of cirmtuzumab.

(B) Average number of ROR1 molecules per CLL cell (as indicated on the y axis) for individual patients treated in cohorts 1 through 7 and the average number of
ROR1 molecules per CLL cell for all patients (+SD) as indicated on the x axis. A dotted line indicates the threshold for defining high-level ROR1, which was found
to be associated with adverse prognosis (Cui et al., 2016).

(C) Concentration of cirmtuzumab in plasma of representative patients. Concentration (ng/mL) is indicated on the y axis, and time (days) is indicated on the x axis.
Arrows indicate days of infusion of cirmtuzumab. Time points collected after the last infusion of cirmtuzumab indicate that significant levels are present for
approximately 100-150 days, with a half-life of 32.4 days. Values indicated were determined by interpolation using a four-parameter logistic nonlinear regression
model compared to a standard curve generated by serial dilutions of a known concentration of cirmtuzumab mAb.

(D) Wnt5a present in the plasma of patients with CLL who enrolled in the clinical trial (n = 26) is significantly higher than age-matched controls (n = 4) (unpaired
Student’s t test, p = 0.0007).

(E) The relative levels of ROR1 on CLL cells of treated patients were normalized with respect to expression levels of ROR1 found on paired pre-treatment samples
over time in days after the initial infusion, as indicated on the x axis.

treatment due to progressive disease following one dose of cirm-  33% reduction in detectable surface ROR1 (range 48%-84%
tuzumab at 15 pg/kg. The four other patients elected to stop  of baseline). This difference in mean ROR1 reduction between

treatment when oral targeted therapies became available. low dose and >2 mg/kg was statistically significant (p = 0.001).
As phosphorylation of HS1 is an indicator of active ROR1
Assessment of ROR1/Wnt5a Signaling signaling, leukemia cells from patients in cohort 6 (16 mg/kg)

Leukemia cells were assessed for surface expression of ROR1  were assessed for levels of phosphorylated HS1 (pHS1). We
following treatment using a fluorochrome-conjugated mAb that  noted decreased levels of leukemia cell pHS1 at 24 hr after the
recognized a non-cross-reactive epitope of ROR1 distinct from  first infusion of cirmtuzumab (Figure 2A). Consistent with a pro-
that bound by cirmtuzumab. We noted a dose-dependentreduc-  tracted pharmacokinetics, we observed inhibition of leukemic
tion in surface ROR1 on CLL cells of treated patients (Figures 1E  cell phosphorylation of pHS1 and reductions in pHS1/HS1 ratios,
and S1); patients in lower-dose-treatment cohorts had no or lasting 4 to 6 months after completion of therapy. The ratio of
only modest reductions in surface ROR1 after 1 week (mean pHS1/HS1 approached pre-treatment levels when the cirmtuzu-
95% of baseline, range 74%-114%), which returned to that of mab plasma concentrations decreased to <10 pg/mL (concen-
pre-treatment levels. However, the CLL cells of patients trations of >10 pg/mL were not sustained with cirmtuzumab
receiving cirmtuzumab at doses > 2 mg/kg had, on average, a  doses <2 mg/kg). Some patients elected to enroll in an extension
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Table 1. Adverse Events

CTCAE (Ver 4.03) Grade

1 2 3 4 Total n =26
Adverse Event (Regardless of Attribution) n (%) n (%) n (%) (%) n (%)
Anemia 15 (58) 5) (19) 2 ®) - - 22 (85)
Thrombocytopenia 10 (38) 6 (23) 1 (4) - - 17 (65)
Neutropenia 6 (23) 4 (15) 1 (4) - - 11 (42)
Fatigue 6 (23) 1 4) - - - - 7 27)
Upper respiratory infection - - 7 27) - - - - 7 27)
Diarrhea 7 27) = = = = = - 7 (27)
Cough 6 (23) - - - - - - 6 (23)
Headache 6 (23) - - - - - - 6 (23)
Dyspnea 5 (19) - - - - - - 5 (19)
Serum lipase increased 1 (4) 1 4) 3 (8) - - 5 (19)
Nausea 4 (16) - - - - - - 4 (16)
Constipation 4 (16) - - - - - - 4 (16)
Urinary tract infection - - 3 (12) - - - - 3 12)
Akathisia 3 (12) - - - - - - 3 (12)
Dizziness 3 12) - - - - - - 3 12)
Bloating 3 (12) - - - - - - 3 (12)
Insomnia 3 12) - - - - - - & 12)
Urinary Frequency 3 (12) - - - - - - 3 (12)
Creatinine increased 3 (12) - - - - - - 3 (12)
Hyperuricemia 3 (12) - - - - - - 3 12)
Skin infection - - 1 4) 1 4) - - 2 ®)
Amylase increase - - 1 4) 1 (4) - - 2 (8)
Serum ALT increased 1 4) - - 1 (4) - - 2 (8)
Conjunctivitis 1 4) 1 (4) = = = = 2 ®)
Anorexia 1 (4) 1 4) - - - - 2 (8)
Maculopapular rash 1 4) 1 4) - - - - 2 (8)
Hypokalemia 2 (8) - - - - - - 2 (8)
Vomiting 2 8) - - - - - - 2 (8)
Flushing 2 ®) = = = = = = 2 ®)
Hyperkalemia 2 (8) - - - - - - 2 (8)
Urinary Urgency 2 8) - - - - - - 2 (8)
Hyperhidrosis 2 (8) - - - - - - 2 (8)
Gastroesophageal reflux 2 ()] - - - - - - 2 (8)

Abbreviations: ALT, alanine aminotransferase; CTCAE, Common Terminology Criteria for Adverse Events.

study and received additional infusions of cirmtuzumab several
months after completing this phase | protocol. In each case,
pHS1/HS1 levels again decreased within 24 hr after re-treat-
ment. We also looked for activated RhoA in the same samples
via pull-down assay and immunoblot analyses (Figure 2B).
Compared to pre-treatment samples, leukemia cells collected
on day 2 (24 hr after the initial dose) and day 43 (24 hr after the
fourth dose) each had substantial reductions in activated Rho-
GTPase. Collectively, these results indicate that cirmtuzumab in-
hibited leukemia cell activation of Rho-GTPases and phosphor-
ylation of HS1.

To assess for changes in leukemia cell gene expression
following treatment, we isolated CLL cells to >95% purity from
each patient in cohort 6 and extracted RNA for next-generation

954 Cell Stem Cell 22, 951-959, June 1, 2018

sequencing. This allowed us to compare the transcriptomes of
matched sets of CLL cells obtained before therapy or on day
28 after the second dose of cirmtuzumab. Gene set enrichment
analysis (GSEA) showed that post-treatment samples of each
patient had reduced expression of genes associated with activa-
tion of Rac1 or RhoA compared to that of matched pre-treatment
CLL samples (Figure 2C). Moreover, our analysis showed signif-
icant repression of genes associated with activation of Rac1,
and a trend toward inhibition of genes associated with activation
of RhoA, after adjustment for gene set size and multiple hypoth-
esis testing. Compared to matched pre-treatment samples,
the D28 post-treatment samples had significant repression of
7 of 8 gene signatures associated embryonic stem (ES) cell iden-
tity (Ben-Porath et al., 2008), Myc target genes (Fernandez
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promoters bound and activated in ES cells by Nanog, Oct4,
Sox2, or NOS target regulators of ES cell identity (Boyer et al.,
2005) (Figure S2). Only one of the two sets of genes overex-
pressed in ES cells compared to other cells (Assou et al., 2007)
was significantly reduced in post-treatment samples. Most
notably, GSEA showed that the post-treatment leukemia cells
had a highly significant reversal of a recently described gene
expression signature associated with stemness and oncogenic
dedifferentiation, which we observed in pre-treatment CLL cells
(FDR g < 0.001) (Figure 2D) (Malta et al., 2018).

Response and Time to CLL Progression

CLL disease burden was assessed based on aggregate lymph
node size, spleen size, absolute lymphocyte count (ALC) in the
blood, and hemoglobin and platelet counts per international
working group (iwCLL) guidelines (Hallek et al., 2018). Overall,
22 patients were evaluable for response assessment; four pa-
tients who discontinued cirmtuzumab early without meeting
criteria for progressive disease were not considered evaluable.
No patients met criteria for complete or partial remission. Seven-
teen of 22 evaluable patients had stable disease. Five patients
had progressive disease. Of these 5 patients, three received
cirmtuzumab doses of <240 pg/kg, one received 8 mg/kg,
and one received 20 mg/kg.

Most patients experienced reductions in the ALC with a
trend toward greater proportionate reductions in patients who
received higher doses of cirmtuzumab (Figure 3A). Lymph
node sizes were assessed radiographically 2 months after the
final cirmtuzumab dose, with calculation of the sum of the bi-
dimensional area of target lesions (Sum of Lymph Node Prod-
ucts, see Figure 3B). Three patients (primarily those treated
with doses of <240 ng/kg) had a greater than 50% increase in

gressive disease (Hallek et al., 2018). One patient in cohort 7 who
received cirmtuzumab at 20 mg/kg had a greater than 50%
reduction in lymphadenopathy.

There were other signs of clinical benefit. We had pre- and
post-treatment marrow biopsies from one patient; this revealed
a significant reduction CLL cell infiltration of the marrow after
therapy (Figure S3). Another patient had reduction in a CLL-
related pleural effusion with therapy. Furthermore, patients had
stable disease upon completion of treatment with four doses
of cirmtuzumab. The median time after therapy until when
patients required additional therapy was 262 days (Figure 3C),
corresponding to the time when plasma levels of cirmtuzumab
became undetectable.

DISCUSSION

Development of small molecule inhibitors, cellular therapies, or
mAbs that selectively and safely target therapy-resistant CSCs
would satisfy a significant unmet medical need. Although there
have been significant improvements in progression-free survival
(PFS) with the advent of targeted therapies (such as ibrutinib),
malignancies like CLL have a high propensity for relapse (Kipps
et al., 2017). Toxicity limits the long-term tolerability of some of
these agents, and resistance due to acquired mutations is a
concern (Woyach et al., 2014). Moreover, patients typically
relapse rapidly after discontinuation of therapy and have a rela-
tively poor prognosis (Jain et al., 2015, 2017). For CLL and other
cancers, novel therapeutic strategies are needed that target
CSCs or “stemness” (Malta et al., 2018), which is associated
with oncogenic dedifferentiation, metastases, and relapse after
therapy.
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Figure 3. Clinical Effects

(A) Waterfall plot of best absolute lymphocyte count (ALC) on trial relative to
pre-treatment baseline.

(B) Waterfall plot of the sum of lymph node products assessed by radiography
2 months after the final infusion of cirmtuzumab. Patients who discontinued
therapy prior to the completion of four doses or who initiated other forms of
treatment prior to the 2-month response assessment were not required to have
imaging and were not included in the final response evaluation.

(C) Time to next treatment after CLL progression. Despite entering the study
with progressive disease requiring therapy, patients did not require subse-
quent therapy for an extended duration after receiving four doses of cirmtu-
zumab. The median time to next treatment after CLL progression was
262 days. Four patients were censored because they started subsequent
therapy prior to CLL progression and prior to completing the scheduled doses
of cirmtuzumab. One patient switched therapy upon approval of venetoclax by
the FDA; one patient had an isolated increase in the ALC (consistent with a
redistributive lymphocytosis) but had concerns about progression and re-
quested to come off trial to pursue other treatment options; one patient who
noted eligibility for new clinical trial requested to switch treatment; and one
patient had stable but bulky lymphadenopathy and chose to come off trial to
seek other treatment. Three patients have not started subsequent therapy at
the time of this analysis.
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ROR1 is an attractive target because it is expressed on
neoplastic cells of intractable cancers but not on normal post-
partem tissues (Zhang et al., 2012b). Although a pre-clinical
report with other anti-ROR1 mAbs suggested that ROR1 was ex-
pressed on adipose, pancreatic, parathyroid, gastric, and other
normal tissues (Balakrishnan et al., 2017), the epitopes recog-
nized by these mAbs appear different from the one recognized
by cirmtuzumab. Moreover, the observed pharmacokinetics
and lack of toxicity in this clinical trial is consistent with cirmtuzu-
mab’s lack of reactivity with normal human post-partem tissues
in preclinical, IND-enabling studies (Choi et al., 2015). Moreover,
treated patients did not experience weight loss, pancreatitis, hy-
perglycemia, or other drug-dependent toxicities, consistent with
the notion that cirmtuzumab lacks off-target reactivity with
normal tissues.

Cirmtuzumab was developed from a library of anti-ROR1
mAbs based on its distinctive capacity to inhibit ROR1 signaling.
Therefore, its pharmacodynamic properties may be comparable
to those associated with various small-molecule inhibitors of
intracellular kinases but with a substantially longer half-life.
Dosing each month may sustain levels of cirmtuzumab that
can repress activation of Rho-GTPases and other downstream
signaling events, such as phosphorylation of HS1. Consistent
with cirmtuzumab having a long plasma half-life, the levels of
pHS1 were depressed for several months following the final infu-
sion of cirmtuzumab. These data and the observed pharmacoki-
netics indicate that treated patients did not develop neutralizing
antibodies that shorten the half-life of cirmtuzumab or interfere
with its capacity to bind to ROR1 or inhibit leukemia cell ROR1
signaling in vivo.

This phase 1 clinical trial was designed primarily to assess
safety, pharmacokinetics, and biologic activity of cirmtuzumab
after just four biweekly infusions. As such, it is impossible to
compare the clinical activity of cirmtuzumab with that of targeted
drugs like ibrutinib, which are administered daily until disease
progression or intolerance. Nonetheless, it is encouraging that
we observed a median time to next treatment (TTNT) (following
CLL progression) of 259 days (8.6 months), considering that pa-
tients had progressive disease requiring treatment upon study
enrollment. This duration of treatment-free survival is compara-
ble to that of similar patients treated with single-agent anti-
CD20 monoclonal antibodies. The median TTNT after four doses
of single-agent rituximab was reported to be 12.5 weeks in a
Nordic study (ltala et al., 2002), 20 weeks in a study by Huhn
and colleagues (Huhn et al., 2001), and 8 months after high
doses of rituximab (O’Brien et al., 2001). Single-agent obinutuzu-
mab had a similar post-treatment response duration in the phase
2 portion of the Gauguin study (Cartron et al., 2014). For patients
with relapsed/refractory CLL, the median duration of remission
was 8.9 months, and only 15% of patients met partial response
(PR) criteria. Finally, comparable patients with relapsed/refrac-
tory CLL, who were treated with ofatumumab (2,000 mg for 12
doses over 6 months), had a median PFS of approximately
6 months (Wierda et al., 2011).

The results of this phase 1 clinical trial may have broader impli-
cations, as ROR1 is also a marker of CSCs and stemness in solid
tumors. Prior studies have shown that treatment with cirmtuzu-
mab can reduce the capacity of ovarian cancer PDXs to metas-
tasize or re-engraft immune-deficient mice, indicating that



targeting ROR1 affects CSC self-renewal (Zhang et al., 2014).
The favorable safety profile of cirmtuzumab may allow for its
use in combination with other anti-cancer agents orimmunother-
apies that fail to target CSCs.

Although the data collected in this study do not define a clear
dose dependency with regard to clinical activity, we did observe
dose dependency in the down modulation of ROR1 and reduc-
tions in the ratios of pHS1/HS1 when plasma levels of cirmtuzu-
mab were >10 pg/mL, indicating that the drug has measurable
in vivo activity. Phase 1b/2 trials that are powered to investigate a
potential relationship between cirmtuzumab dose, biomarker
modulation, and clinical outcome are now accruing patients at
multiple centers.

In summary, this is the first clinical trial of any type targeting
ROR1. The results support further development of cirmtuzumab
as a specific and safe inhibitor of ROR1/Wnt5a signaling. The
safety profile of cirmtuzumab makes it an ideal agent to combine
with other therapies. We previously found that cirmtuzumab has
complementary anti-tumor activity with ibrutinib because ibruti-
nib does not inhibit the capacity of Wnt5a to induce phosphory-
lation of HS1 or the migration of CLL cells (Hasan et al., 2017; Yu
et al., 2017b). A phase 1b/2 combination clinical trial has been
initiated based on these findings in patients with CLL or mantle
cell lymphoma. In addition, clinical trials are planned for other
intractable CSC-driven malignancies in which ROR1 is aber-
rantly expressed.
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STARXxMETHODS

KEY RESOURCES TABLE

Reagent or Resource

Source

Identifier

Antibodies

Mouse Anti-human IgG1 Fc-HRP

4A5, Alexa 647 conjugated

19G2b, A647 conjugated isotype control mAb
Rabbit Anti-HS1 (human specific)

Rabbit polyclonal Anti-phospho HS1 (Y378)
Mouse monoclonal anti-RhoA

Anti-mouse IgG, HRP-linked

Anti-rabbit I9G, HRP-linked

Southern Biotech

In house

BD Biosciences

Cell Signaling Technology
OriGene

Cytoskeleton

Cell Signaling Technology
Cell Signaling Technology

Cat#9054-05; RRID: AB_2687484
N/A

Cat#5579083; RRID: AB_396928
Cat#4503S; RRID: AB_2096977
Cat#TA314001

Cat#ARH04

Cat#7076; RRID: AB_330924
Cat#7074; RRID: AB_2099233

Human IgG Control Ab Sigma Cat#15154; RRID: AB_1163610
Chemicals, Peptides, and Recombinant Proteins

ROR1-extracellular domain In house N/A

Rhotekin-RBD beads Cytoskeleton Cat#RT02

Quantum MESF Kit, Alexa Fluor 647 Bangs Laboratories Cat#555p

Deposited Data

Raw and analyzed RNA-seq data NCBI GEO GEO: GSE114382
Software and Algorithms

Gel-Pro Analyzer 4.0 software Media Cybernetics http://www.mediacy.com
FlowJo (v.2.7.4) FlowJo https://www.flowjo.com

Gene set enrichment analysis
QuickCal v.2.3 analysis template

Broad Institute
Bangs Laboratories

http://software.broadinstitute.org/gsea/index.jsp

https://www.bangslabs.com/

Graphpad Prism v.6.0 GraphPad https://www.graphpad.com/scientific-software/prism/
Other

TMB microwell peroxidase substrate kit SeraCare Cat#5120-0053

BSA Fisher Cat#BP1600

ELISA high-protein binding plates Costar Cat#3690

WNTS5A ELISA kit Aviva Systems Biology Cat#OKEH00723, RRID: SCR_013560

Cirmtuzumab Pacific GMP/Abzena N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests of reagents can be directed to and fulfilled by the Lead Contact, Dr. Thomas Kipps (tkipps@ucsd.
edu). A Material Transfer Agreement is required.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Committee Approval and Consent

The clinical trial protocol and informed consent forms were approved by the Institutional Review Board of the University of California,
San Diego with respect to compliance with research and human subject regulations. Preclinical data and clinical trial design were
also reviewed the United States Food and Drug Administration prior to Investigational New Drug (IND) application filing. The clinical
protocol was registered with ClinicalTrials.Gov (NCT02222688) prior to study initiation. Informed consent from all patients was ob-
tained in accordance with the Declaration of Helsinki.

Subject Details, Eligibility, and Dose Allocation

26 human subjects enrolled in the clinical trial. Each patient had to have a diagnosis of CLL as per working-group criteria (Hallek et al.,
2018). Patients had relapsed or refractory disease, and were without available approved therapies. Patients who were < 70 years of
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age were required to have had prior purine-analog or alkylator-based therapy, or have CLL cells with deletion of chromosome 17p
(Del 17p), or compromised renal function, marrow function, or performance status that precluded use of standard chemotherapy. All
patients had progressive or symptomatic disease that required CLL therapy as per working-group guidelines (Hallek et al., 2018); this
included at least one of the following: symptomatic or progressive splenomegaly; symptomatic or progressive lymphadenopathy;
progressive anemia (hemoglobin < 11 g/dL); progressive thrombocytopenia (platelets < 100,000/ uL); rapid lymphocyte doubling
time; or constitutional “B” symptoms. Patients with recent or concurrent chemotherapy or investigational therapy were excluded, as
were patients with active infection.

The median age was 72 (range 58-88). 14 (54% of patients) were male, 12 (46%) were female. There was not an association be-
tween sex or gender identity, and cirmtuzumab response, toleration, or time to next treatment. Further patient characteristics are
detailed in Table S1.

The clinical trial was a dose-escalation study with 12 pre-defined dose levels (15 mcg/kg to 20 mg/kg) in 7 patient cohorts. Patients
in the first four cohorts had intra-patient dose escalation, with the stipulation that a grade > 2 adverse events (which occurred in
cohort 4) would revert the dose escalation scheme to a standard 3 + 3 design without intra-patient dose escalation, starting at
the dose at which the grade > 2 toxicity occurred. The subsequent cohorts had a fixed dose level administered biweekly for a
maximum of four doses. There were three evaluable patients at each of the first 11 dose levels. A total of six patients were treated
at the highest dose level (20 mg/kg). Table S2 indicates patient disposition by cohort.

METHOD DETAILS

Cirmtuzumab Treatment

Patients were treated with cirmtuzumab via IV infusion on days 1, 15, 29, and 43 at the cohort-assigned dose (Table S2). Infusion
duration was between 1.5 to 3 hr, with increasing rates of infusion similar to other agents of this class. The initial infusion included
a 10-min test dose to monitor for allergic reaction.

Cirmtuzumab Pharmacokinetic Assessment

Concentration of cirmtuzumab in plasma of patients was assessed using an ELISA assay generated for human IgG binding to immo-
bilized ROR1. Briefly, wells were coated overnight with 2.5 pg/ml of recombinant human ROR1-extracellular domain (ROR1-ECD),
washed, and blocked with sample buffer (1X BBS + 1% BSA) at 37°C for 90 min. Serial dilutions of all samples were added to dupli-
cate wells, incubated at ambient temperature for 60 min, washed, and then detected with mouse anti-human IgG1 Fc-HRP (Southern
Biotech) and TMB microwell peroxidase substrate (SeraCare). Development was terminated by addition of 1M O-phosphoric acid
and absorbance was read on a SpectraMax340 Microplate Reader (Molecular Devices). Values were determined by interpolation
using a 4-parameter logistic nonlinear regression model, compared to a standard curve generated by serial dilutions of a known con-
centration of cirmtuzumab mAb.

ROR1 Immunophenotyping

The expression of ROR1 was detected by flow cytometry using cryopreserved samples from patients enrolled in the trial, and as pre-
viously described (Cui et al., 2016). Cells were stained with Alexa-647-conjugated anti-ROR1 mAb (4A5). Fluorochrome-conjugated,
isotype control mAbs of irrelevant specificity were used to account for nonspecific staining. Data were acquired on a FACSCalibur
(BD Biosciences, San Jose, CA, USA) or Attune NxT Flow Cytometer. The expression level of ROR1 was described by the delta mean
fluorescence intensity (AMFI), which is the mean fluorescence intensity of CLL cells stained for ROR1 minus the mean fluorescence
intensity of the same cells stained with isotype control. The molecules of ROR1 per cell was determined with the Quantum MESF
(Molecules of Equivalent Soluble Fluorochrome (MESF) microspheres (Moskalensky et al., 2015). Alexa Fluor 647 conjugated beads
were run on the same day as stained cell samples to establish a calibration curve relating channel values to MESF units or AMFI.

Plasma Wnt5a Measurement

Whnt5a was detected by Human WNT5A ELISA kit (OKEH00723, Aviva Systems Biology, CA, USA). Patient plasma was centrifuged
for 15 min at 1,000 x g at 4°C within 30 min of collection. Samples were stored at minus 20°C until analysis. Diluted samples were
incubated in WNT5A Microplates for 2 hr at 37°C prior to addition of biotinylated WNT5A detector antibody, and subsequent addition
of Avidin-HRP Conjugate and TMB Substrate per manufacturer instructions. O.D. absorbance at 450 nm was read, and relative OD
versus serial standard curve was determined.

HS1 Assay

HS1 and pHS1 protein levels were assessed via immunoblot analysis with whole cell lysates (40-80 pg) prepared in lysis buffer
[20 mM HEPES (pH 7.9), 25% (vol/vol) glycerol, 0.5 N NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5 mM DTT, and 0.1% deoxycholate],
containing protease and phosphatase inhibitors (Roche). Immunoblots were probed using anti-HS1 (Cell Signaling Technology,
Cat#4503S) or anti-phosphorylated HS1 (OriGene, Cat#TA314001) and as described previously (Hasan et al., 2017).
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RhoA Assay

GTP-bound active RhoA was pulled down from lysed CLL cells with Rhotekin-RBD beads (Cytoskeleton), and then subjected to
immunoblot analysis, as described previously (Yu et al., 2016, 2017a). Immunoblots of whole-cell lysates were used to assess for
total RhoA. The integrated optical density (IOD) of bands was evaluated by densitometry and analyzed using Gel-Pro Analyzer 4.0
software (Media Cybernetics, MD).

RNA Extraction and RNA-Seq

PBMC of 3 CLL samples were collected before therapy (Pre-Rx) and at day 28 of cirmtuzumab treatment (D28). Each D28 sample was
collected after patients had received 2 doses of 16mg/kg cirmtuzumab. Negative isolation of CLL cells to > 95% purity was per-
formed prior to RNA isolation. Total RNA was extracted using TRIzol reagent (Life Technologies). Data were analyzed by Rosalind
(https://rosalind.onramp.bio/), with a HyperScale architecture developed by OnRamp Biolnformatics (San Diego, CA). Reads
were trimmed using cutadapt (Martin and Wang, 2011). Quality scores were assessed using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc; Andrews, 2010). Reads were aligned to the Homo sapiens genome build hg19 using STAR (Dobin
et al., 2013). Individual sample reads were quantified using Htseq (Anders et al., 2015) and normalized via Relative Log Expression
(RLE) using DESeq2 R library (Love et al., 2014). DEseg2 was also used to calculate fold changes and p values.

QUANTIFICATION AND STATISTICAL ANALYSIS

The primary clinical trial end points were to determine the maximum tolerated dose (MTD), or recommended phase 2 dose (R2PD),
and to assess safety. Adverse event data were reviewed by an independent Data and Safety Monitoring Board at the University of
California, San Diego. Severity of non-hematologic AEs was assessed according to Common Terminology Criteria for Adverse
Events (CTCAE) version 4.03. Severity of hematology AEs was according to CLL international working group criteria (Hallek et al.,
2018). AEs were tabulated based on most severe occurrence of each AE for each patient, and percentage of patients experiencing
each AE (n = 26).

Secondary end-points included treatment-emergent adverse events, clinical response rate, and PFS. Median PFS was estimated
using the Kaplan-Meier method (GraphPad Prism version 6.0 was used for statistical analysis). Clinical activity was assessed using
standard working-group criteria for CLL response assessment (Hallek et al., 2018).

PK studies used non-compartmental modeling. PD assessment of ROR1 expression, HS1 phosphorylation, and RhoA activation
compared baseline, response assessment visit, and other time points prior to initiation of next treatment. pHS1 and RhoA assess-
ment focused on patients who received 16 mg/kg (n = 3).

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) compared pre-treatment (Pre-Rx) and day 28 (D28) levels for the same patients in the 16 mg/kg
cohort (n = 3). Using GSEA software (Subramanian et al., 2005) we conducted GSEA on the primary RNaseq data pre-Rx and day 28
of cirmtuzumab treatment. We focused GSEA on the stemness signature gene set recently identified by one-class logistic regression
machine-learning algorithm (Malta et al., 2018) and 8 gene sets reflecting embryonic stem (ES) cell identity previously described by
Ben-Porath and colleagues (Ben-Porath et al., 2008). These 8 gene sets, fall into three groups: (i) ES expressed genes: two sets of
genes overexpressed in ES cells compared to other cells and tissues according to a multi-study compilation and meta-analysis
(Assou et al., 2007). (i) Nanog, Oct4, Sox2 and NOS targets: four sets of genes whose promoters are bound and activated in human
ES cells by each of these regulators of ES cell identity, or co-activated by all (Boyer et al., 2005), (iii) Myc targets: two sets of genes
bound and activated by c-Myc, identified in two independent studies (Fernandez et al., 2003; Li et al., 2003). GSEA also was per-
formed focusing on Rac1 pathway in BIOCARTA database (Liberzon et al., 2011), and RhoA pathway in Ingenuity Pathway database
(IPA, QIAGEN Redwood City, https://www.qgiagenbioinformatics.com/products/ingenuity-pathway-analysis/). Each gene set was
considered significant when the false discovery rate (FDR) was less than 25% (Subramanian et al., 2005). The FDR g value was
adjusted for gene set size and multiple hypothesis testing.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO: GSE114382 (https://www.ncbi.nlm.nih.gov/geo/).
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Supplemental Table and Figure Legends:

Supplemental Table 1. Baseline Patient Characteristics. Related to STAR Methods (Subject
Details). A. Baseline Demographics and Clinical Characteristics. B. Previous Anti-CD20 Therapy

and Response

Supplemental Table 2. Patient Disposition by Cohort, Cirmtuzumab Dose, and Infusion
Number. Related to STAR Methods (Subject Details). Participants were enrolled to receive
dose levels ranging from 0.015 to 20 mg/kg (the highest planned dose). One patient (Patient 4)
initially received only one dose of 0.015 mg//kg prior to disease progression. Following
subsequent CLL therapy, she required further therapy. As the trial did not exclude patients with
prior cirmtuzumab, she re-enrolled into cohort 4. Additionally, three patients (patients 3, 22, and
23) elected to enroll into an extension/retreatment clinical trial, and received 7, 12, and 3 additional

bi-weekly doses (at 16 mg/kg), respectively.

Supplemental Figure 1. Related to Figure 1. Representative histograms depict the relative
mean fluorescence intensity of CD19+/CD5+ CLL B cells analyzed subsequent to staining with
Alexa647-conjugated 4A5 anti-human ROR1 mAb (shaded histogram) or an Alexa647-
conjugated mouse IgG2a isotype control mAb (gray open histogram) at the several timepoints
post-infusion. Each sample is compared to the staining of CLL B cells collected prior to the first

infusion of Cirmtuzumab (black open histogram).

Supplemental Figure 2. Related to Figure 2. Enrichment plots of gene signatures associated
with embryonic stem (ES) cell identity (ES exp 1 and 2), Myc target genes (Myc targets 1 and 2),
ES-cell-associated genes activated in ES cells by Nanog, Oct4, Sox2 (Nanog, Oct4 and Sox2

targets), and NOS target regulators of ES cell identity (NOS targets) on pre-treatment (Pre-Rx)



versus paired post-cirmtuzumab CLL cells at D28 (D28) of each patient in cohort 6 (N=3). For
each gene set, gene-set size (SIZE), normalized enrichment score (NES), and FDR q value (FDR

q) are indicated.

Supplemental Figure 3. Related to Figure 3. Marrow biopsies from patient 23 (16 mg/kg cohort)
showed a significant reduction in the degree of cellularity and the percentage of leukemia cell
infiltration. Prior to cirmtuzumab, the marrow was assessed to be hypercellular with 100%
cellularity, 80% of which was CLL. When reassessed two months after 4 infusions of
cirmtuzumab, the degree of marrow infiltration had improved. Post-treatment, the marrow was

80% cellular, 50% of which was due to CLL.



Table S1. Baseline Patient Characteristics

A. Demographics and Clinical Characteristics

n
Characteristic (n =26) %
Age, years
Median (range) 72 (58-88)
Sex
Male 14 54%
Female 12 46%
ECOG performance status
0 15 59%
1or2 11 42%
Rai stage at screening
1or2 11 42%
Jord 15 58%
Cytogenetics *
Complex ** 10 38%
Not Complex 16 62%
del (13q) 6 23%
Normal karyotype 6 23%
del (17p) 5 19%
Trisomy 12 3 12%
del (11q) 1 4%
ZAP-70
Positive 1 42%
Negative 15 58%
IGHV
Unmutated 14 54%
Mutated 11 42%
No information 1 4%
Prior treatment
Number of regimens, median (range) 3 (1-9)
Anti-CD20 antibody 26 100%
Lenalidomide 16 62%
Purine analog or alkylator 9 35%
Bcl-2 inhibitor 7 27%
BCR inhibitor 5 19%
Anti-CD52 antibody 4 15%
Baseline ROR1 expression
Median AMFI (range) 45.2 (11.1-113.9)
High (AMFI > 32) 17 65%
Low (AMFI < 32) 8 31%
No information 1 4%

* Chromosome analysis or mitogen stimulated fluorescence in situ hybridization (FISH).
** 3 or more distinct chromosome abnormalities in at least 1 metaphase cell.



B. Previous Anti-CD20 Therapy and Response

Patient Cycles
Number Agent Completed Best Response
9 Ofatumumab + High dose methylprednisolone (HDMP) 3 CRi
Rituximab + HDMP 3 CR
Fludarabine, cyclophosphamide, rituximab (FCR) 6 CRi
3 Rituximab maintenance Weekly x 4 SD
Ofatumumab + HDMP 3 PR
Lenalidomide + Rituximab 7 PR
Rituximab + HDMP 3 MRD+ CR
4 ABT-263 + Bendamustine + Rituximab (BR) 5 MRD- CR
Ofatumumab 5 PR
Obinutuzumab 6 PR
Rituximab + HDMP 3 MRD+ CR
5 Rituximab + HDMP 3 MRD+ CR
Lenalidomide + Rituximab 6 MRD+ CR
6 Lenalidomide + Rituximab 7 PR
7 Lenalidomide + Rituximab 4 MRD+ CR
Ofatumumab + HDMP 3 MRD+ CR
8 FCR 6 MRD- CR
AT-101 + Rituximab 2 PD
1 Fludarabine + Rituximab 6 MRD- CR
Ofatumumab + HDMP 3 nPR
Fludarabine + Rituximab, 6 No records
9 Rituximab Consolidation
BR 6 PR
10 Rituximab + HDMP 3 PR
Fludarabine + Rituximab 3 PR
1 Fludarabine + Rituximab 4 MRD+ CR
Fludarabine + Rituximab 3 PR
Obinutuzumab 6 PR
19 Lenalidomide + Rituximab 7 nPR
Lenalidomide + Rituximab 7 PR
13 Rituximab + HDMP 4 PR
1 Rituximab + HDMP 2 PR
Rituximab + HDMP 4 PR
Rituximab + HDMP 3 PR
15 AT-101 + Rituximab 1 PR
Rituximab + HDMP 3 PR




Ofatumumab + HDMP 3 MRD+ CR
19 Obinutuzumab 8 PR
20 Adenovirus-ISF35 Transduced Cells + FCR 6 MRD- CRi
21 BR 6 MRD+ CR
22 Lenalidomide + Rituximab 7 PR
23 Lenalidomide + Rituximab 7 PR
Lenalidomide + Rituximab 7 PR
16 Rituximab + HDMP 3 PR
Obinutuzumab 6 PR
FCR 6 CR
25 Lenalidomide + Rituximab 7 SD
Obinutuzumab + HDMP 6 PR
26 Lenalidomide + Rituximab 7 MRD+ CR
Lenalidomide + Rituximab 7 MRD+ CR
Lenalidomide + Rituximab 7 PR
o4 Rituximab + HDMP 3 PR
Rituximab + HDMP 2 PD
ABT-199 + Rituximab 2 PR
Lenalidomide + Rituximab 7 PR
28 BR 5 PR
Rituximab + HDMP 4 SD
29 Lenalidomide + Rituximab 7 PR

Abbreviations: HDMP = High dose methylprednisolone; FCR = fludarabine, cyclophosphamide, rituximab;
BR = bendamustine, rituximab; PR = Partial Response. CR = Complete Response; MRD = minimal residual
disease



Table S2: Patient Disposition by Cohort, Cirmtuzumab Dose, and Infusion Number.

Cirmtuzumab Dose (mg/kg)
Cohort Patient Number Infusion 1 Infusion 2 Infusion 3 Infusion 4
2 0.015 0.015 0.03 0.03
1 3 0.015 0.015 0.03 0.03
4 0.015 -- -- --
5 0.015 0.015 0.03 0.03
6 0.06 0.12 0.24 0.24
2 7 0.06 0.12 0.24 0.24
8 0.06 0.12 0.24 0.24
1 0.5 1.0 1.0 1.0
3 9 0.5 1.0 1.0 1.0
10 0.5 1.0 1.0 1.0
11 2 -- -- --
12 2 2 4 4
4 13 2 2 4 4
4 2 2 2
14 4 4 4 4
15 8 8 8 8
5 19 8 8 8 8
20 8 8 --
21 16 16 16 16
6 22 16 16 16 16
23 16 16 16 16
16 20 20 20 20
25 20 20 20 --
; 26 20 20 20 20
24 20 20 20 20
28 20 20 20 20
29 20 20 20 20




Figure S1.

Reduced Levels of ROR1 Expression on CLL B Cells Following Treatment with
Cirmtuzumab.
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Figure S2.

Pre-Rx vs D28
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Figure S3.

Pre-Treatment Marrow
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