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SUMMARY

Primary central nervous system lymphoma (PCNSL) harbors mutations that reinforce B cell
receptor (BCR) signaling. Ibrutinib, a BTK inhibitor, targets BCR signaling and is particularly
active in lymphomas with BCR and MYD88 mutations. We performed a proof of concept phase Ib
study of ibrutinib monotherapy followed by ibrutinib plus chemotherapy (DA-TEDDi-R). In 18
PCNSL patients, 94% showed tumor reductions with ibrutinib alone, including patients having
PCNSL with CD79B and/or MYD88 mutations, and 86% of evaluable patients achieved a
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complete remission with DA-TEDDI-R. Increased aspergillosis was observed with ibrutinib
monotherapy and DA-TEDDI-R. Aspergillosis was linked to BTK-dependent fungal immunity in a
murine model. PCNSL is highly dependent on BCR signaling and ibrutinib appears to enhance the
efficacy of chemotherapy.

Graphical Abstract

Primary CNS lymphoma (PCNSL) harbors mutations that reinforce B cell receptor signaling. In a
phase 1b study, Lionakis et al. observe promising therapeutic effects of the BTK inhibitor ibrutinib
in PCNSL but also increased aspergillosis, which they show to link to BTK-dependent fungal
immunity in a mouse model.
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INTRODUCTION

Primary central nervous system lymphoma (PCNSL), a subtype of diffuse large B cell
lymphoma, has a cure rate below 40% with methotrexate-based regimens and is subject to
late recurrences (Ambady et al., 2015; Rubenstein et al., 2013a). PCNSL tumors harbor
mutations targeting the BCR subunit CD79B (CD79B) and the Toll-like receptor adaptor
protein MY D88 (MYD&8) (Braggio et al., 2015; Bruno et al., 2014; Chapuy et al., 2016;
Hattori et al., 2016; Nakamura et al., 2016; Vater et al., 2015). These mutations potentiate
chronic active BCR signaling and promote cell survival in activated B cell (ABC) DLBCL
(Davis et al., 2010; Ngo et al., 2011; Wilson et al., 2015), suggesting that PCNSL tumors
may be similarly addicted to BCR signaling. Ibrutinib, an inhibitor of Bruton’s tyrosine
kinase (BTK), blocks NF-xB activation downstream of BCR signaling and has significant
clinical activity in relapsed/refractory ABC DLBCL, particularly in tumors harboring both a
CD79B mutant isoform and a particular MYD88 mutant isoform, L265P (Wilson et al.,
2015). We hypothesized that ibrutinib would be highly active in PCNSL based on the high
frequency of CD79B and/or MYDS88L265P mutations in these tumors.

We were concerned that ibrutinib monotherapy would only produce short term remissions,
since the median survival of patients with relapsed/refractory ABC DLBCL treated with
ibrutinib monotherapy was 10.3 months (Wilson et al., 2015). Thus, we were interested in
augmenting the efficacy of ibrutinib using chemotherapy agents capable of entering the
central nervous system. Several active drugs are currently employed in standard treatment
regimens for PCNSL and are potential choices for combination with ibrutinib (Rubenstein et
al., 2013b). Not included among these is doxorubicin, which is pivotal for the curative
treatment of systemic DLBCL but does not penetrate the blood-brain barrier (Anders et al.,
2013; Wilson, 2013). An alternative liposomal formulation of doxorubicin overcomes this
impediment and is a particularly promising drug to combine with ibrutinib for the treatment
of PCNSL (Anders et al., 2013; Caraglia et al., 2006; Koukourakis et al., 2000; Lin et al.,
2004; Siegal et al., 1995; Vail et al., 2004). The combination of ibrutinib with
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chemotherapeutic agents is rational since ibrutinib treatment of ABC DLBCL cells inhibits
the NF-xB pathway, which has been shown to antagonize the pro-apoptotic action of
chemotherapeutic agents (Baldwin, 2001). Furthermore, ibrutinib has been shown to
synergize with several chemotherapeutic agents in killing ABC DLBCL cells in vitro
(Mathews Griner et al., 2014). Based on the above considerations, we investigated the
potential of ibrutinib to produce clinical responses in PCNSL, both as a single agent and
together with chemotherapy.

Ibrutinib and chemotherapy combinations in ABC DLBCL

To design a chemotherapy platform for PCNSL utilizing ibrutinib, we investigated whether
various chemotherapeutic agents used to treat DLBCL or PCNSL would be superadditive
(synergistic), additive or antagonistic in combination with ibrutinib in killing two cell line
models of ABC DLBCL. We chose two cell lines that share genetic feature of PCNSL,
namely the MDY88L265P mutation and mutations targeting the BCR subunits CD79B
(TMDS8) or CD79A (OCI-Ly10) (Braggio et al., 2015; Bruno et al., 2014; Chapuy et al.,
2016; Hattori et al., 2016; Nakamura et al., 2016; Vater et al., 2015). We performed 10 x 10
dose titration experiments in which various ibrutinib concentrations were combined with
various concentrations of four DNA-damaging chemotherapeutic agents, four anti-folate
agents and one thymidylate synthase inhibitor (Figure 1A). Notably, the DNA-damaging
agents — doxorubicin, etoposide, cytarabine and mitomycin C — were all super-additive/
synergistic with ibrutinib in killing both TMD8 and OCI-Ly10 cells in vitro, as assessed by
the DBSumNeg metric (See Methods; Figure 1A). This cooperativity likely reflects
inhibition of NF-xB signaling by ibrutinib, since NF-xB is known to blunt the pro-apoptotic
activity of chemotherapeutic agents (Baldwin, 2001) as previously noted (Mathews Griner et
al., 2014). By contrast, all four anti-folate agents tested — methotrexate, pyrimethamine,
pralatrexate and 4-aminofolic acid — showed little if any super-additive/synergistic action
with ibrutinib (Figure 1A), but instead had higher values for a metric of antagonism,
DBSumPos, than the DNA-damaging agents (Figure 1A). Interestingly, the thymidylate
synthase inhibitor raltitrexed resembled the anti-folates in antagonizing ibrutinib action,
suggesting that these effects may relate to the shared ability of these agents to interfere with
DNA synthesis. As a class, the anti-folates were significantly more antagonistic (p=3.5E-10,
t-test DBSumPos) and less synergistic (p=9.4E-6, t-test DBSumPos) with ibrutinib than the
DNA-damaging agents (Figure 1A). The antagonism between ibrutinib and multiple
structurally distinct anti-folates indicates that this is a class effect, and suggests that ibrutinib
might not improve the efficacy of methotrexate-based regimens, which are the standard for
the treatment of PCNSL. Because of the super-additivity/synergy between ibrutinib and
DNA-damaging agents, we designed the DA-TEDDi-R regimen to include etoposide,
cytarabine, and a liposomal formulation of doxorubicin (Doxil) that penetrates the central
nervous system, unlike free doxorubicin (Figure 1B).

Clinical Characteristics and Treatment

Eighteen enrolled patients had a median (range) age of 66 (49-87) years, and performance
status of 1 (1-3) (Table 1). Five patients were untreated, whereas 13 (72%) were relapsed (2)
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or refractory (11) and received a median (range) of 2 (1-6) prior treatments. International
Extranodal Lymphoma Study Group (IELSG) risk groups of 2-3 and 4-5 were present in 7
(39%) and 8 (44%) of patients, respectively (Ferreri et al., 2003).

Patients were treated at ibrutinib dose-levels of 560 mg (6), 700 mg (4) and 840 mg (8).
Eighteen patients were treated on the ibrutinib “window” during which 2 patients developed
grade 5 pulmonary/CNS aspergillosis (Table 2; Table S1). DA-TEDDI-R was administered
to 16 patients over 74 cycles. The significant toxicities on DA-TEDDi-R were hematological
and infectious (Table 2). Grade 4 neutropenia occurred on 53% of cycles, grade 4
thrombocytopenia on 30% of cycles and febrile neutropenia on 23% of cycles. Pulmonary
infections occurred in 9 patients including 5 cases of aspergillosis, one case of Pneumocystis
Jiroveci, and 3 undetermined etiologies. Other infections included 2 cases of CNS
aspergillosis, which also involved the lungs, and one case of enterocolitis. Other than
infection, grade 3 and 4 non-hematological toxicities were infrequent (Table 2). Palmar
plantar erythrodysesthesia (PPE), a common side effect of liposomal doxorubicin, was
observed with grade 2 and 3 toxicity in 8 and 2 patients, respectively. Overall, the median
(range) administered dose level of DA-TEDDi-R was 1 (-3 to 4) with 16% and 46% of
cycles below and above dose level one, respectively.

Eight patients died; 3 from disease progression and 5 during treatment. Two patients died
from Aspergillus infection during the ibrutinib window study, and one patient died of
neutropenic sepsis on cycle 4 of DA-TEDDI-R (ibrutinib 840 mg dose level). Two deaths
during treatment were not attributed to DA-TEDDi-R and included one retroperitoneal
bleed/ventricular arrhythmia, and one non-hemorrhagic stroke. The retroperitoneal bleed
occurred in a patient on enoxaparin for a deep vein thrombosis. On cycle 2 day 6, he
developed an uncontrolled retroperitoneal bleed despite a platelet count of 139,000/ul that
lead to hypotension, a ventricular arrhythmia and cardiac arrest. The stroke occurred on
cycle 1 day 19 in a patient with a normal platelet count and 9 days after the last ibrutinib
dose.

Based on the protocol definition, no toxicity was scored as a DLT and the maximum
administered ibrutinib dose of 840 mg with DA-TEDDi-R was determined to be tolerated.
Because the initial cases of aspergillosis were within the scope of clinically expected
infections, they were not attributed to ibrutinib. However, based on the unexpectedly high
number of aspergillosis cases, they were retrospectively attributed to ibrutinib but were not
associated with ibrutinib plasma concentration.

Pharmacokinetics

Since the ability of ibrutinib to cross the blood-brain barrier had not been investigated, we
performed detailed pharmacokinetics of ibrutinib and its primary metabolite, PCI-45227.
The ibrutinib plasma and CSF maximum concentration (Crhax) and area under the curve
(AUC) did not increase proportionately over the 700 and 840 mg dose levels (Table 3). At
840 mg, the median (range) AUCq_o4 nmehr in plasma and CSF were 977 (327-1562) and 7.7
(2.21-16.5), respectively with a CSF:plasma ratio of 0.78% (0.62-1.25), indicating low CSF
penetration (Figure 2A; Table 3). When corrected for protein binding of 97.3%, the
CSF:plasma ratio was 28.7% (23.2-446.6), indicating penetration of a significant fraction of
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free drug into the CSF (Scheers et al., 2015). The time to maximum concentration (Tmax) Of
approximately 2 hours was similar in the plasma and CSF and across dose levels, and the
median plasma Ty, was 18.1 (4.1-31.2) hours. The time above the enzymatic 1Csq (0.5 nM)
in the CSF, a dynamic measure of drug exposure, showed a median (range) of 4 (0-24)
hours at 840 mg, and was not proportional to dose. A comparison of ibrutinib plasma
concentrations before and during DA-TEDDI-R did not show a significant pharmacokinetic
interaction between ibrutinib and the chemotherapy drugs or decreased CSF penetration
following treatment response (Table S2). The CSF penetration and Kinetics of the ibrutinib
metabolite PCI-45227 were similar to ibrutinib (Figure 2, Table S3). Thus, ibrutinib
achieved significant CNS penetration at the doses administered and free drug concentrations
within 4-fold of those in blood.

Pharmacokinetic analysis of liposomal doxorubicin was performed in 4 patients (#6, 7, 10,
11). The total doxorubicin plasma concentration time curves were characterized by sustained
drug exposure and a median terminal half-life of 64.5 (range: 61.9-65.1) hours (Figure 2B).
Doxorubicin was measurable in CSF in all patients, but CSF penetration was low with a
median Cmax of 0.84 (range: 0.15-2.83) ng/mL (Figure 2B). Unexpectedly, the terminal
half-life of doxorubicin in CSF could not be calculated due to persistently measurable
concentrations throughout the sampling times.

Clinical outcome

Among 18 patients on the ibrutinib window study, all but one patient (17/18; 94%) had
disease reductions and 83% (15/18; 95% Confidence Intervals (Cl) 59-96%) achieved a
partial response (Figure 3A, B) (Abrey et al., 2005). Two of these patients, both with
refractory disease, normalized their research FDG-PET scans. Among 9 patients with CSF
involvement, 2 (22%) became negative by flow cytometry on ibrutinib. The response rate to
ibrutinib was similar in patients who were on pre-treatment steroids (91%; 10/11) compared
to patients who received no pretreatment steroids (86%; 6/7), suggesting that stable doses of
steroids did not enhance the activity of ibrutinib.

Sixteen patients began DA-TEDDI-R treatment. Two patients were not evaluable for
response due to deaths that occurred prior to cycle 2 restaging that were unrelated to
treatment. Of 14 evaluable patients, 86% (12/14; 95% CI 57-98%) achieved complete or
complete response unconfirmed (CRu), one achieved a partial response and one had
progressive disease (Figure 3C). Research FDG-PET scans were negative in all CR patients
and in 6 of 9 CRu patients. Eight (57%) patients, including 5 with refractory disease,
continue to be progression-free at a median (range) of 15.5 (8-27) months follow-up (Figure
3D). Considering all 13 patients with relapsed/refractory disease, the median progression-
free survival based on Kaplan-Meier analysis from the on-study date to last follow-up is 15.3
months (95% CI: 1.3 months to undefined), while the overall survival median was not
reached with 51.3% (95% ClI: 21.4-74.9%) of patients alive at one year. Among the patients
with relapsed or refractory disease, 6 progressed and/or died. Three patients progressed 142,
221 and 269 days after achieving CRu and one died. One CRu patient died of sepsis on
treatment, one PR patient died with aspergillosis, and one patient progressed on DA-TEDDi-
R and died.
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CD79B and MYD88 mutations in PCNSL

A previous evaluation of ibrutinib monotherapy in systemic ABC DLBCL revealed frequent
responses in tumors bearing mutations targeting the CD79B ITAM signaling motif together
with MYD88L265P (Wilson, 2013), prompting us to investigate the frequency of these
mutations in PCNSL. First, we performed a meta-analysis of 6 published exome sequencing
studies in PCNSL (Braggio et al., 2015; Bruno et al., 2014; Chapuy et al., 2016; Hattori et
al., 2016; Nakamura et al., 2016; Vater et al., 2015). Overall, MYD8EL265P mutations
represented 90% of all mutations affecting the MYD88 TIR domain in PCNSL. CD79B
ITAM and MYD88L265P mutations were reported in 56% and 53% of tumors, respectively,
with 76% of tumors having one or both genetic events (Figure 4A). CD79B and MYD&8
L265P mutations were coincident in 37% of cases, which is significantly higher than
observed systemic ABC DLBCL (10%)(p<0.0001; Figure 4A) (Ngo et al., 2011).

Tumor specimens were available for CD79B and MY D88 sequence analysis from 4 patients
on the DA-TEDD:I-R trial (Figure 4B). Two tumors only had CD79B mutations: one had the
recurrent Y196C mutation targeting the first tyrosine in the ITAM motif while the other had
a mutation in the splice acceptor site of CD79B exon 5, predicted to remove this same
tyrosine from the encoded protein. One tumor had only MYDS88 1 265P and another had
both CD79B Y196C and MYDE8E L265P mutations. Each of these patients had a PR to
ibrutinib monotherapy and achieved a CR with DA-TEDDi-R. Although the number of
tumors available for analysis was limited, these data suggest that the response of PCNSL to
ibrutinib does not depend on the presence of a CD79B or a MYD88 mutation in an
obligatory fashion based on the frequency of these mutations in other series (Figure 4A).

Aspergillus infections

Seven of 18 (39%) patients developed proven (3), probable (1) or possible (3) invasive
aspergillosis (Figure 5A; Table 2; Table S1). Two patients who had been on dexamethasone
for 2 and 4 weeks pre-treatment, respectively, for control of CNS swelling developed
pulmonary and CNS aspergillosis during the ibrutinib window (Figure 5A, B, C). Despite
anti-fungal treatment, both patients died from aspergillosis and autopsy showed Aspergillus
fumigatus in their lungs and brain.

Five patients developed aspergillosis during DA-TEDDI-R treatment. Two treatment-naive
patients developed pulmonary symptoms at the end of cycle 4 and 5, respectively. Following
anti-fungal treatment, the former patient died from progressive disease but with pulmonary
and CNS aspergillosis, and the pulmonary abnormalities resolved in the latter patient. Due to
increasing concern over aspergillosis, surveillance chest CT scans were instituted every
cycle. During surveillance, pulmonary aspergillosis was detected in 2 patients after the first
and second cycles. Following anti-fungal treatment, the pulmonary nodules in both patients
resolved. A fifth patient developed pulmonary nodules and CNS aspergillosis on the first
cycle of DA-TEDDI-R, which resolved on anti-fungal therapy. None of the patients had
prolonged neutropenia on treatment.

To assess immune competency, we compared pretreatment CD4 and CD8 T cells in patients
who did and did not develop aspergillosis and detected no significant difference: medians
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(range) of 450 (98-749) and 176 (57-352) versus 580 (116-1584) and 216 (76-845),
respectively. Aspergillosis occurred at all dose levels of ibrutinib, but was more common at
the 840 mg level where 5 of 8 patients developed disease. However, there was no difference
in the ibrutinib plasma Cya« for patients who did and did not develop aspergillosis (median
(range) 265 (144-536) and 277 (92-508) nM, respectively), indicating no association with
drug concentration.

Model of aspergillosis in Btk knockout mice

To assess the role of BTK in Aspergillus fumigatus immune surveillance, we analyzed the
outcome of invasive aspergillosis in Btk knockout (Btk™'~) and wild-type (Btk**) mice
(Figure 5D). Mice were maintained under specific pathogen-free conditions. Eight-to-eleven
week old Btk™* (n = 20) and Btk™'~ (n = 26) mice were infected with Aspergillus fumigatus
via pharyngeal aspiration. Mouse survival was monitored for 14 days following infection.
Btk mice exhibited significantly greater mortality (27%) after Aspergillus fumigatus
infection compared to Btk** mice (0%) (p = 0.013 by exact log-rank test), as well as greater
weight loss (Figure 5E), and more severe lung tissue damage and fungal burden assessed by
histology (Figure 5F), indicating a contribution of BTK to the innate immune control of
Aspergillus infection.

Discussion

Ibrutinib alone showed clinical activity in 94% of patients with 83% of patients achieving
partial remissions that were independent of prior treatment or ibrutinib dose level. The
ibrutinib response rate we observed is significantly higher than the reported 37% response
rate to ibrutinib monotherapy in relapsed/refractory systemic ABC DLBCL (Wilson et al.,
2015). In that study, it was notable that tumors with CD79B8 mutations, and especially those
with both CD79B and MYD881.265P mutations, had significantly higher response rates to
ibrutinib, suggesting that tumors with these mutations may be hyper-addicted to BCR
signaling. A meta-analysis of DNA sequencing studies in PCNSL revealed CD79B ITAM
and MYD88 L265P mutations in 56% and 53% of tumors, respectively, with over three
quarters of cases having one or both of these genetic events. Moreover, the frequency of
tumors with both CD79B and MYDS881L265P mutations was over 3-fold higher in PCNSL
than in systemic ABC DLBCL (Ngo et al., 2011). The genetic enrichment of PCNSL with
mutations that augment BCR signaling may explain, in part, their high response rate to
ibrutinib. Besides PCNSL, other extranodal DLBCLs with an ABC-like gene expression
phenotype also have a high frequency of CD79B and MYDS881.265P mutations, including
primary testicular DLBCL, primary breast DLBCL and primary cutaneous DLBCL,
suggesting that these cancers might also respond frequently to ibrutinib (Chapuy et al., 2016;
Kraan et al., 2013; Kraan et al., 2014; Pham-Ledard et al., 2012; Taniguchi et al., 2016).
Interestingly, one ibrutinib-responsive PCNSL tumor only had MYDB88 L265P,
demonstrating that BCR signaling in PCNSL does not require a CD79B mutation and may
instead be driven by self-antigen engagement of the BCR, as shown in systemic ABC
DLBCL (Young et al., 2015). Indeed, PCNSL tumors are highly enriched for BCRs that
utilize the autoreactive V4-34 immunoglobulin heavy chain variable region, which is
present in 55% of cases (Fishman, 2007) compared to 30% of ABC DLBCL cases (Young et
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al., 2015). Based on the high rate of response of PCNSL to ibrutinib together with this
genetic evidence, we conclude that the vast majority of PCNSL tumors depend on chronic
active BCR signaling.

DA-TEDDI-R produced complete remissions in 86% of patients, which includes 8 patients
who are free of disease at a median of 15.5 (range, 8—-27) months follow-up. When
considering all 11 patients with refractory disease, defined as no response to the last
administered chemotherapy regimen, the median progression-free survival was 11.2 (95%
Cl: 0.8-undefined) months. At present, refractory PCNSL patients have few effective
treatment options and a median survival of around 2 months (Langner-Lemercier et al.,
2016). Although the present results are based on a limited number of patients, the high CR
rate of DA-TEDDI-R in refractory PCNSL suggests it may significantly improve the
outcome of this disease. The efficacy of ibrutinib in PCNSL and the pivotal role of
doxorubicin for the cure of systemic DLBCL suggest that both these agents play an
important role in the outcome of DA-TEDDI-R (Wilson, 2013). Furthermore, the in vitro
synergy between ibrutinib and the DNA damaging agents in this regimen (doxorubicin,
etoposide and cytarabine) in killing ABC DLBCL cells may contribute to the activity of
these agents in combination. Our finding of in vitro antagonism between ibrutinib and anti-
folates such as methotrexate raises the possibility that ibrutinib may not be as effective with
standard chemotherapy regimens for PCNSL. Nonetheless, because methotrexate is the core
drug for standard PCSNL regimens, it will be important to assess the safety and efficacy of
ibrutinib with these methotrexate-containing regimens.

We measured ibrutinib and liposomal doxorubicin pharmacokinetics in the CSF as a
surrogate of intracranial free-drug concentration (Liu et al., 2006). When considering the
maximum administered dose of ibrutinib had a median CSF penetration of 28.7% and
clinical activity in almost all patients, the results indicate that ibrutinib effectively inhibits
BTK in PCNSL tumors. In contrast, the CSF penetration of liposomal doxorubicin was low
but unexpectedly had measurable concentrations during the entire treatment cycle,
suggesting a depot effect in the CNS. The CSF concentration of liposomal doxorubicin,
which was measured on the first cycle, underestimates overall exposure due to drug
accumulation on subsequent treatment cycles and enhanced uptake by tumor. Indeed, based
on human and murine intracerebral breast cancer studies, liposomal doxorubicin achieved
from 7-17-fold higher concentrations in tumor compared to normal brain (Anders et al.,
2013; Koukourakis et al., 2000).

The most frequent serious DA-TEDDI-R toxicities were hematological, and one patient died
from neutropenic sepsis. Grade 4 neutropenia occurred on 53% of cycles, which is the intent
of the dose-adjustment scheme. In addition, most of these patients were elderly and had
received multiple prior regimens, which could have contributed to bone marrow suppression.
PPE was the most common non-hematological toxicity and will be further assessed in
subsequent studies. There were 4 deaths unrelated to the chemotherapy, including two
patients who developed invasive aspergillosis during the ibrutinib monotherapy window.
Indeed, the high incidence of aspergillosis (39%) on this trial was an unexpected finding that
is potentially attributable to ibrutinib since it occurred during ibrutinib monotherapy in 2 of
7 patients. Invasive aspergillosis rarely occurs in the absence of prolonged neutropenia,
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which did not occur in our patients (Lewis et al., 2013; Singh, 2005). While high-dose and
extended steroids are associated with aspergillosis, this typically occurs in conjunction with
other risk factors and is uncommon in PCNSL (Lewis et al., 2013; Lionakis and
Kontoyiannis, 2003; Singh, 2005). The rapidity of aspergillosis infection and high frequency
of CNS involvement is unusual, but remarkably similar to a recent report of 3 patients with
relapsed chronic lymphocytic leukemia on glucocorticoids who developed CNS aspergillosis
within 2 months of starting ibrutinib (Ruchlemer et al., 2016). Importantly, an infection
control review confirmed our cases were not associated with an outbreak of aspergillosis at
our institution.

These findings suggest ibrutinib impairs fungal immune surveillance, a deficit that may be
exacerbated by co-administration of dexamethasone and/or chemotherapy. Indeed, we found
that Btk~'~ mice have a higher mortality during pulmonary aspergillosis, demonstrating a
role for BTK in innate fungal immune surveillance. Mechanistically, macrophages provide
the first line of defense against fungi (Figure 5G)(Dubourdeau et al., 2006; Leopold Wager
and Wormley, 2014; Limper et al., 1997). Exposure of macrophage Toll-like receptors
(TLRs) to fungal pathogens initiates downstream signaling, including activation of BTK,
that promotes adaptive immune responses (Figure 5G) (Chignard et al., 2007; Herbst et al.,
2015; Horwood et al., 2006; Kasperkovitz et al., 2010; Lionakis and Kontoyiannis, 2003;
Ramaprakash et al., 2009; Ramirez-Ortiz et al., 2008). In animal models, macrophage TLR9
activation is required for immunity and inflammatory responses to Aspergillus fumigatus
(Herbst et al., 2015). Notably, TLR9 signals through BTK and calcineurin, and inhibition of
calcineurin by tacrolimus contributes to aspergillosis in organ transplant patients (Byrne et
al., 2013; Herbst et al., 2015; Singh, 2005). BTK is also required for NF-xB-dependent M1
macrophage polarization, which mediates host immunity against fungal pathogens (Ni
Gabhann et al., 2014). The frequent involvement of the CNS by aspergillosis in our series
raise the possibility that ibrutinib may inhibit CNS macrophages (microglia) (Dagenais and
Keller, 2009; Lionakis and Kontoyiannis, 2003). The differentiation and function of
neutrophils, which destroy hyphae through several mechanisms, involve BTK as well
(Fiedler et al., 2011). Macrophage and neutrophil functions are also impaired by
glucocorticoids, which likely further increased the risk of aspergillosis in our patients
(Lionakis and Kontoyiannis, 2003). These considerations suggest that inhibition of BTK by
ibrutinib contributed to the high incidence of aspergillosis, perhaps in concert with
glucocorticoids. However, genetic loss of BTK function in humans with X-linked
agammaglobulinemia (XLA) is associated with £ jiroveciiinfection but not aspergillosis,
raising the possibility that alternative ibrutinib-sensitive mechanisms may affect the risk of
aspergillosis (Plebani et al., 2002). Besides BTK, ibrutinib inhibits two other TEC-family
kinase, ITK and BMX. ITK inhibition enhances T1 skewing, which would be predicted to
promote M1 macrophage function and aspergillosis control (Dubovsky et al., 2013). While
BMX is reported to enhance TLR-4/MY D88 signaling and hence macrophage activation, the
absence of immunodeficiency associated with BMX loss suggests BMX inhibition by
ibrutinib may not affect Aspergillus control (Palmer et al., 2008).

The high response rate of ibrutinib and the durable remissions following DA-TEDDi-R in
refractory patients suggest that this regimen may significantly improve outcomes in PCNSL.
Further development of this regimen will evaluate the efficacy of aspergillosis prophylaxis
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using voriconazole, which has proven effective in preventing the aspergillosis that occurs
during immunosuppression of patients receiving organ transplants (Fishman, 2007). A dose
escalation study will be required to investigate predicted pharmacokinetic interactions
between voriconazole and ibrutinib and liposomal doxorubicin. While further studies are
needed to establish the risk of aspergillosis with ibrutinib, particularly in patients on
steroids, physicians should be aware of this potential complication.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Wyndham H. Wilson (wilsonw@mail.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects—Patients were enrolled between August 14, 2014 and March 31, 2016.
Eligible patients had a PCNSL diagnosis, untreated or relapsed/refractory disease, age of at
least 18 years, and adequate major organ function. Pathological diagnosis was confirmed by
SP and/or ESJ at the NCI. Patients were excluded if they had prior exposure to a BTK
inhibitor, EBV+ PCNSL, and/or were pregnant and/or breast-feeding. The patient
characteristics are shown in Table 1. The study was approved by the Institutional Review
Board, patients provided written informed consent, and is registered on ClinicalTrials.gov
NCT02203526.

Cell Lines—Two cell lines that share genetic feature of PCNSL were employed. The
TMDS cell contains a MDY88L.265P mutation and CD798 mutation, and the OCI-Ly10
cell line contains a CD79A mutation (Braggio et al., 2015; Bruno et al., 2014; Chapuy et al.,
2016; Hattori et al., 2016; Nakamura et al., 2016; Vater et al., 2015).

Mice—Wild-type (Btk*'*) C57BL/6 mice were purchased from Taconic Biosciences. Btk
knockout (Btk™") mice, generated as described previously (Khan et al., 1995) and
backcrossed for over 10 generations onto the C57BL/6 background, were obtained from Dr.
Wasif Khan (University of Miami). Btk** and Btk™~ mice were maintained under specific
pathogen-free housing conditions, with regular dark/light cycles and were provided water
and food ad /ibitum. For all experiments, sex-matched (weight: 22—-26 grams for male mice,
18-24 grams for female mice) and age-matched (8-11 week-old) Bzk*'* and Btk™~ mice
were used. All mouse experiments were approved by the Animal Care and Use Committee
of the National Institute of Allergy and Infectious Diseases (protocol LCID14E) and were
performed in strict accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.

METHOD DETAILS

Human Subject Study Design—The primary study objective was to identify a tolerated
dose of ibrutinib with dose-adjusted temozolomide, etoposide, liposomal doxorubicin,
dexamethasone, and rituximab (DA-TEDDi-R) (Figure 1C). Secondary objectives included
ibrutinib response in a 14-day window, and DA-TEDD:I-R toxicity and response rate. Initial
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evaluation included standard laboratory investigations, HIV serology, whole body computed
tomography and FDG-PET scans, and brain MRI and FDG-PET scans, CSF analysis by
cytology and flow cytometric immunophenotyping, and ophthalmologic evaluation. An
Ommaya reservoir was placed for intraventricular cytarabine and to study the plasma and
CSF pharmacokinetics of ibrutinib and liposomal doxorubicin. CNS tumor responses were
scored per the International PCNSL workshop response criteria and centrally assessed by
JAB (Abrey et al., 2005). Tumor reductions during ibrutinib were based on MRI T1 post-
contrast images.

Human Subject Treatment—The study investigated ibrutinib dose levels of 560, 700,
and 840 mg administered orally once daily with 3-6 patients per dose level and up to 12
patients at the final dose level. If O of 3 patients experienced dose-limiting toxicity (DLT),
escalation proceeded to the next dose level. A dose level at which no more than 1 of 6
patients experience DLT was considered to be safe.

Patients received ibrutinib alone in a “window” on day -14 to day -1 (Figure 1C). Involved
sites were evaluated within 48 hours of beginning and 24 hours after stopping ibrutinib with
brain MRI and FDG-PET scans, whole body CT and FDG-PET scans and CSF cytology and
flow cytometry. Among 11 patients were receiving pre-treatment dexamethasone for
symptom control, the dose was not increased above the initial dose within 2 weeks of
beginning ibrutinib and if possible the dose was decreased before beginning ibrutinib.
Immediately following ibrutinib, patients began DA-TEDDI-R, administered on days 1-10
of each 21-day cycle for a maximum of 6 cycles (Figure 1C and Supplement Section 1).
Pegfilgrastim was administered on day 6. Patients in the first cohort did not receive ibrutinib
on cycle 1 of DA-TEDDI-R, but received ibrutinib on subsequent cycles. Temozolomide and
etoposide were dose-adjusted by 20% in the absence of a neutrophil nadir < 500/mm?: based
on twice weekly blood counts. If the neutrophil nadir was < 500 mm?3 on 3 neutrophil
measurements or the platelet nadir was < 25,000/mms3, the doses were decreased 20% from
the previous cycle. Liposomal doxorubicin was dose-reduced based on occurrence of
palmar-plantar erythrodysesthesia (PPE) (Supplement Section II). Patients received
prophylactic sulfamethoxazole 800 mg/trimethoprim 160 mg three days per week. Patients
received 6 cycles of DA-TEDDi-R with restaging after cycles 2 and 6, and during follow-up
every 3 months year one, 4 months year 2, 6 months year 3 and yearly thereafter. Dose-
limiting toxicity (DLT) was assessed on cycle one of treatment and defined as events
attributed to DA-TEDDI-R that included absolute neutrophil < 500/mm?3 > 7 days and
platelets < 25,000/mm3 > 10 days, and grade 3 nausea/emesis or diarrhea despite supportive
therapy. Any unexpected grade 3 or higher non-hematological toxicity apart from grade 3
arthralgia or fatigue was dose-limiting.

Dose-Adjusted TEDDI-R Dose Adjustments and Evaluation—Treatment is usually
administered on an outpatient basis. All patients start etoposide and temozolomide at dose
level 1 of etoposide 50 mg and temozolomide 100 mg. Doses are adjusted based on the ANC
nadir from the previous cycle per the chart below.
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Drugs Dose adjustment based on previous cycle nadir (see 6.1)

*

-2 | -1 1 2 3 4 5 6

*,

Temozolomide (mg/m?/day) | 80 | 90 100 | 120 | 144 | 173 | 207 248

Etoposide (mg/m?/day) 20 |45 | B0 |60 | 72 | 864 | 1037 | 1244

*
Starting dose for all patients

Dose-adjustment for each treatment cycle

. Applies to etoposide and temozolomide based on previous cycle ANC or platelet
nadir.
. Measurement of ANC and platelet nadirs are based on twice weekly CBC only

(3 days apart). Only use twice weekly CBC for dose-adjustment, even if
additional CBC’s are obtained.

. To dose-adjust, all patients must receive a twice weekly complete blood count:

- If Nadir ANC = 500/pl on all measurements: Increase doses one level
from last cycle.

- If Nadir ANC < 500/pl on 1 or 2 measurements: Same doses as last
cycle.

- If Nadir ANC < 500/ul = 3 measurements OR if platelet nadir
<25,000pL on = 1 measurement: Decrease doses one level from last
cycle or stay at same level if already at level -2.

Day one treatment decisions
. If ANC = 1000/ul and platelets = 75,000/ul on day 21, begin treatment.

. If ANC < 1000/pl or platelets < 75,000/ul on day 21, delay up to 1 week. G-CSF
may be started for ANC < 1000/ul and stopped 24 hours before treatment. If
counts still low after 1 week delay, adjust doses ¢ one level from last cycle.

Evaluation time points
. Radiographic studies: Brain MRI/Brain FDG-PET/Body CT/Body FDG-PET.

- Baseline, Day -1 Window study; Day 20-21 of Cycle 2, 4, 6 of DA-
TEDDI-R; Post-DA-TEDDI-R every 3 months x 1 years, every 4
months x 1 year, every 6 months x 1 year and then yearly thereafter.

. CSF Flow Cytometry

- Baseline, Day -1 Window study; Day 20-21 of Cycle 2, 4, 6 of DA-
TEDDI-R if previous measurements were positive for lymphoma.
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Dose-Adjusted TEDDI-R Dose Modifications

Mucositis dose modifications

. If patient has Grade 4 mucositis in previous cycle, decrease one dose level.

Liposomal doxorubicin dose modifications

Palmar-plantar erythrodysesthesia
syndrome (PPE)

Dose Adjustment

First occurrence of Grade 1: Minimal skin
changes or dermatitis (e.g., erythema,
edema, or hyperkeratosis) without pain

Give liposomal doxorubicin 45 mg/m?2 and stay on schedule. If toxicity
resolves to Grade 0 at start of next cycle, then liposomal doxorubicin
dose may be re-escalated to 50 mg/m? on the next cycle per discretion.

Subsequent occurrence (s) of Grade 1

Give liposomal doxorubicin 45 mg/m2.

First occurrence of Grade 2: Skin changes
(e.g., peeling, blisters, bleeding, edema, or
hyperkeratosis) with pain; limiting
instrumental ADL

Give liposomal doxorubicin 40 mg/m?2 and stay on schedule. Cycle may
be delayed up to 2 weeks, per discretion. If toxicity resolves to Grade 1
at start of next cycle, then liposomal doxorubicin dose may be re-
escalated, per discretion, to 45 mg/m? on next cycle.

Subsequent occurrence (s) of Grade 2

Delay one week. If at one week toxicity has improved to Grade 0-1,
give liposomal doxorubicin 45 mg/m2. If at one week toxicity persists at
Grade 2 give liposomal doxorubicin 40 mg/m?2.

First occurrence of Grade 3: Severe skin
changes (e.g., peeling, blisters, bleeding,
edema, or hyperkeratosis) with pain;
limiting self-care ADL

Delay one week. If at one week toxicity has improved to Grade 0-1 give
liposomal doxorubicin 45 mg/m2. If at one week toxicity has improved
to Grade 2 give liposomal doxorubicin 40 mg/m?2. Cycle may be delayed
another week, per discretion. If at one week toxicity persists at Grade 3
delay one more week and re-evaluate.

Subsequent occurrence of Grade 3: Severe
skin changes (e.g., peeling, blisters,
bleeding, edema, or hyperkeratosis) with
pain; limiting self-care ADL

Delay one week and re-evaluate. If at one week toxicity has improved to
Grade 0-1 give liposomal doxorubicin 45 mg/m?2. If at one week toxicity
has improved to Grade 2 give liposomal doxorubicin 40 mg/m?.

Pharmacokinetics—Ibrutinib concentrations were measured in the ventricular CSF and
plasma during the ibrutinib window before day -14; post-dose on day -14 at 1, 2, 4, 6, 8,
between 10 to 18, and 24 hours; before day -13 dose; between day -4 and day -1 just prior to
the dose and 2 hours after the dose. Ibrutinib concentrations were also measured during DA-
TEDDI-R on cycles 2 and 5, just before day 1 dose and after 2 hours post-dose on day 5.
Ibrutinib and metabolite PCI1-45227 concentrations in cerebrospinal fluid (CSF) and sodium
heparin plasma were measured using validated liquid chromatography with tandem mass
spectrometry (LC-MS/MS) method (de Vries et al., 2015). Quantification range for ibrutinib
and PCI-45227 in CSF was 0.100 to 25.0 ng/mL. To reduce adsorption 0.2% TWEEN-80
was added to CSF samples upon collection. Quantification range for ibrutinib and
PCI-45227 in sodium heparin plasma was 0.500 to 100 ng/mL. Extraction Procedure: The
ibrutinib and PCI-45227 were extracted from either plasma or CSF by protein precipitation
by adding DMSO, internal standards spike solution and acetonitrile. D5-ibrutinib and D5-
PCI-45227 were used as internal standards for quantifying each analyte. The mixture was
vortex mixed and supernatant was transferred to 96 well Deep well plate. The supernatant
was diluted by addition of 10 mM ammonium carbonate in water. It was then vortex mixed
and injected into LC-MS/MS. HPLC-MS/MS conditions: A reversed phase LC-MS/MS
method with analytical phenyl-hexyl column and a gradient separation was used for
analysis. The mobile phase consisted of 10 mM ammonium carbonate in water and
acetonitrile. Triple quadrupole mass spectrometer was used in a positive mode with an
electro ion spray source. The mass spectrometer was set to a multiple reaction monitoring
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mode for detecting analytes and internal standards. The peak areas for analytes were
measured. Concentration Determination: Analyte concentrations in either CSF or plasma
samples were obtained from a calibration curve constructed by plotting peak area ratio of the
analyte to internal standard versus concentration. Analyte concentrations in samples were
calculated using linear regression. The final plasma or CSF plasma concentration were used
to determine pharmacokinetic parameters of ibrutinib and PCI-45227. Study Samples: Study
samples were received frozen on dry ice from clinical sites to the bioanalytical laboratory.
Upon receipt, all samples were stored frozen at a nominal temperature of =70 °C until
analysis. Any discrepancies with sample identification were resolved prior to analysis.

Liposomal doxorubicin pharmacokinetics were studied in 4 patients. Total doxorubicin
concentration (liposome bound + protein bound + free) was quantified using a validated
liquid chromatography/tandem mass spectrometry assay (lower limit of quantification
plasma=0.29 ng/mL, and CSF=0.06 ng/mL). Samples were obtained until a median of 345
hours (range 72-477 hours) after liposomal doxorubicin administration. All patient samples
were kept at =80 °C until analysis. The total doxorubicin concentration (liposome bound +
protein bound + free) was quantified with a validated liquid chromatography/tandem mass
spectrometry assay. Daunorubicin was used as an internal standard for plasma samples. 100
uL of plasma standards, quality control (QC), and patient samples were extracted with
acetonitrile (1:1 v/v), vortexed (30 sec.), and centrifuged for 5 min. (20,000 x g).
Supernatant was diluted 1:1 (v/v) with 0.1% formic acid and 20 uL was injected on a 50 x
2.1 mm, 2.6 pu Accucore column (Thermo Scientific) using a Shimadzu Prominence HPLC
system with a column heater set at 40 °C. A liner gradient was run starting with 70% A
(0.1% formic acid) and 30% B (methanol with 0.1% formic acid) ramping to 90% B over 5
min., then returning to initial conditions. CSF standard, QC, and patient samples were
diluted 1:10 (v/v) with 4% formic acid, vortexed (30 sec.) and centrifuged for 5 min. (20,000
x ). 40uL of supernatant was injected on the column using the same conditions as plasma.
Detection was done on an AP15000 tandem mass spectrometer (Sciex) in positive mode,
monitoring transitions from m/z544.2— 397.1 (Doxorubicin, retention time: 4.75 min.) and
m/z528.2— 363.2 (internal standard, retention time: 5.35 min.) Results were analyzed
using Analyst 1.4.2 software (Sciex). PK parameters were estimated using non-
compartmental methods. Pharmacokinetic parameters were estimated using non-
compartmental methods.

In vitro model of ibrutinib and chemotherapy cytotoxicity—Matrix drug titration
experiments were conducted in accordance with previously published methods (Mathews
Griner et al., 2014). Briefly, each drug was dry-spotted into 1536-well cyclo-olefin polymer
(COP) black clear bottomed plates at predetermined concentration ranges via acoustic
dispensing using an ATS-100 (EDC Biosystems). TMD8 or OCI-Ly10 cells were added
directly at 500 cells per well in 5 pL of media as previously reported. Following a 48 h
incubation at 37 C under 5% CO2 with a 95% humidity level CellTiter Glo luminescent cell
viability assay reagent (3 pL/well) (Promega) was added and the plates were incubated for
15 minutes before image acquisition. Luciferase activity was measured on a ViewLux reader
with a 10-s exposure (Perkin-Elmer). Relative luminescence units for each well were
normalized to median values from DMSO (full viability) and bortezomib (full cell killing)
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control wells. Data were visualized through a web-based interface (https://tripod.nih.gov/
matrix-client) incorporating a tabular summation of several synergy/additivity/antagonism
metrics including the Bliss independence model (Bliss, 1939). A surrogate of drug synergy
is the dbSumNeg metric, which represents the sum of the negative deviations from the Bliss
model of drug independence across all elements in each 10 x 10 drug titration matrix. A
surrogate of drug antagonism is the dbSumPos metric, which represents the sum of the
positive deviations from the Bliss model of drug independence across all elements in each
10 x 10 drug titration matrix.

Analysis of CD79B and MYD88 mutations—Genomic DNAs from 4 formalin-fixed
and paraffin-embedded (FFPE) biopsies were analyzed by Sanger DNA sequencing to
identify mutations in the region of CD79B encoding the ITAM motif and the region of

MY D88 encoding the L265 residue using the primers: MYD88-E5F, 5'-
gcaagggcctgatgecageatg-3'; MyD88-E5R, 5”-gatacacacacacccagggcecte-3”; CD79B-E4R,
5’-acaccagcagatagtggccactgac-3’; CD79B-E4F, 5’ -gggggacactaacactctgatctcc-3”; CD79B-
E5R, 5’-agggagcctgcacceaggtcatg-3”; CD79B-ESF, 5 -tgtggtcccggectgagttecac-3.

Mouse Model of Pulmonary Aspergillosis— Btk wild-type (Btk*'*) and knockout
(Btk™") mice were inoculated with freshly harvested conidia of the Aspergillus fumigatus
strain B-5233 suspended in 30 pl of 0.01% Tween-20/PBS via pharyngeal aspiration, as
described previously (Rao et al., 2003). In brief, mice were anesthetized with isoflurane,
were placed on a board, and their tongues were gently held in full extension. The 30 pl
conidial suspension was then released onto the base of the tongue with a pipette. The mice
were then maintained with their tongue in full extension until at least two breaths were taken
to ensure aspiration of the conidial suspension into the lungs. Within a minute after
inoculation, all mice were awake. Three independent infection experiments were performed,
all in the morning, in a total of 20 Btk*"* and 26 Btk™~ mice. Mouse survival was monitored
daily for 14 days following infection, calculated using the Kaplan-Meier method and two-
sided p-values were determined by the exact log-rank test. Mouse weight was recorded
before infection and at day 3 post-infection in three independent experiments in a total of 11
Bitk*'* and 9 Btk™~ mice. Mouse weight loss was calculated at day 3 post-infection relative
to the uninfected state. Brk™* and Btk mice inoculated with Aspergillus fumigatus were
euthanized on day 4 post-infection and their lungs were removed, fixed with 10% formalin,
and embedded in paraffin. Tissue sections were processed for hematoxylin and eosin (H&E)
and Grocott-Gomori’s methenamine silver stain (GMS) staining (Histoserv, Inc.,
Germantown, Maryland). Two independent infection experiments were performed in a total
of 7 Btk** and 7 Btk™~ mice.

QUANTIFICATION AND STATISTICAL ANALYSIS

The phase I clinical trial used a 3+3 design to evaluate toxicity; 3 to 6 patients were to be
evaluated in each dose level, and up to a total of 12 at the highest safe dose level. Overall
survival (OS) and progression free survival (PFS) were determined from the on-study date
until the date of death or progression; patients remaining alive had their follow-up censored
on November 30, 2016. The probability of PFS or OS was determined using the Kaplan-
Meier method. For analyses of the mouse data, survival was calculated using the Kaplan-
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Meier method and two-sided p values were determined by the exact log-rank test. Statistical
analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC) or Prism. Mouse
weight loss was analyzed using the two-tailed unpaired #test with Prism 6.0 software
(GraphPad Software, San Diego, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

This study provides clinical results of ibrutinib in primary central nervous system
lymphoma (PCNSL) and demonstrates inhibition of B cell receptor signaling is lethal in
most tumors. Pharmacokinetics showed clinically effective ibrutinib concentrations in the
cerebral spinal fluid (CSF), a surrogate of intracerebral concentrations. Liposomal
doxorubicin, essential for cure of aggressive B cell lymphomas, was incorporated into the
treatment of PCNSL and pharmacokinetics is consistent with achieving effective
intratumoral concentrations. Combining these agents in the DA-TEDDI-R regimen
produced complete remissions in most patients. A high occurrence of invasive
Aspergillus fumigatus was observed with ibrutinib. A murine model of aspergillosis in
Btk knockout mice confirmed susceptibility to fungal infection, likely due to inhibition of
macrophage innate immune surveillance.
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Highlights

Ibrutinib reduced tumor masses in 94% of patients with primary brain
lymphoma.

Chronic active B cell receptor signaling is a feature of primary brain
lymphoma.

Ibrutinib promotes fungal infections with Aspergillus fumigatus.

TEDDI-R treatment produced durable remissions in refractory primary brain
lymphoma.
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Figure 1. Ibrutinib-chemotherapy cytotoxicity models and DA-TEDDi-R Schema
(A) 10 x10 dose titration experiments were performed by combining a range of ibrutinib

concentrations with a range of concentrations of the indicated agents in the TMD8 and OCI-
Ly10 ABC DLBCL lines. The DBSumPos metric was used to summarize antagonism across
the entire 10 x 10 block whereas the DBSumNeg metric was used to summarize drug
synergy. For each selected ibrutinib combination pair, the average, plus or minus the SEM, is
shown (2 biological replicates). Representative 10 x 10 dose-titration blocks are shown at
the right with dose concentration combinations showing antagonism (blue) or synergy (red)
highlighted. (B) DA-TEDDI-R treatment schema. Patients received ibrutinib alone in a 14-
day ‘window’ (day -14 to -1) prior to cycle 1 of DA-TEDDI-R (temozolomide, etoposide,
liposomal doxorubicin, dexamethasone, ibrutinib and rituximab) with intraventricular
cytarabine. Abbreviations: V- intravenous; PO-by mouth; IT-intrathecal; ICV-intracerebro-

ventricular; ANC-absolute neutrophil count.
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Figure 2. Pharmacokinetics of ibrutinib and metabolite (PCI-45227) and liposomal doxorubicin
A. Pharmacokinetics of ibrutinib and it metabolite PCI-45227 at the ibrutinib 840 mg dose

level. Data represents the mean and standard deviation of patients 11-18 (8 patients).
Ventricular CSF via ommaya reservoir and plasma were drawn during the ibrutinib window
prior to day -14; post-dose on day -14 at 1, 2, 4, 6, 8, between 10 to 18, and at 24 hours and
assayed for ibrutinib and PCI-45227 as indicated. B. Pharmacokinetics of liposomal
doxorubicin in 4 patients. Data represent mean and standard deviation of total doxorubicin
concentration (liposome bound + protein bound + free) in plasma and CSF. The mean Cmax
in plasma and CSF were 41.4 (range: 23-2-61.5) and 0.61 (range: 0.15-2.83) ng/mL,
respectively.
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Figure 3. Clinical outcome of ibrutinib and DA-TEDDI-R treatment
A. Waterfall plot of maximum change from baseline of the product of the lesions for

subjects with evaluable tumors on ibrutinib alone administered during the ‘window’ from
day -14 to day -1 before initiation of DA-TEDDi-R (n=18). Two patients (*) with CSF and
intraocular disease were assessed using quantitative estimates of tumor reductions. B.
Representative brain MRI image before and after ibrutinib monotherapy in PCNSL patient 1.
C. Best overall response rate achieved during DA-TEDD:-R therapy (n=16) and proportion
of CR/CRu responses based on the International PCNSL workshop response criteria. The
proportion of patients with negative research FDG-PET is shown. D. Swim lane plot of
treatment duration and response for all patients on study (n=18). Prior treatment history is
indicated by untreated, relapsed or refractory. Relapsed patients recurred following a
complete response to prior treatment and refractory patients did not respond to prior
chemotherapy. Abbreviations: CR-complete response; CRu-complete response unconfirmed,
PR-partial response; PD-progressive disease; SD-stable disease; NE-not evaluable; FDG-
PET-fluorodeoxy-glucose-positron emission tomography.
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Figure 4. CD79B and MYD88 mutations
A. Meta-analysis of the prevelance of CD79B ITAM and MYD&88L265P mutations in 6

published PCNSL studies, compared with systemic ABC DLBCL. B. CD79B and MYD88
sequence analysis of 4 patients on study based on accessions NP_000617 and NP_002459,

respectively. The CD79B splice acceptor mutation in patient 5 involves exon 5, which
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Ibrutinib  DA-TEDDI-R

AA change AAchange response response
Y196C WT PR CR
splice acceptor
(Y196 deletion) T ER erR
WT L265P PR CR
Y196C L265P PR CR

encodes the Y196 residue of the ITAM motif and thus would be predicted to disrupt ITAM

function.
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Figure 5. Association of Aspergillus with ibrutinib
A. Aspergillus event time and dexamethasone exposure. Seven patients developed

aspergillosis of which 2 occurred on ibrutinib alone and 5 occurred during DA-TEDDI-R
treatment. Five patients were receiving pre-treatment dexamethasone for control of brain
edema. The patient numbers correspond to the swim lane numbers in Figure 3D. B. Brain
MRI scans of Aspergillus infection in patient 9. MRI T1 post-contrast brain image pre-
ibrutinib shows enhancing tumor and 13-days post-ibrutinib institution shows new
Aspergillus abscesses and marked reduction in tumor enhancement. FDG-PET scans pre-
ibrutinib shows metabolically active tumor and 13-days post-ibrutinib institution shows new
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metabolically inactive Aspergillus abscesses and marked reduction in metabolically active
tumor. C. Chest CT and brain MRI scans of Aspergillus infection in patient 13. Thirteen
days post-ibrutinib, chest CT shows new cavitary Aspergillus abscess that was not present
pre-ibrutinb. MRI T1 post-contrast brain images show new ring enhancing Aspergillus
abscesses that were not present pre-ibrutinib. D. Survival in murine model of Aspergillus
infection in Btk™~ and Btk** mice. At 14-days of observation after pharyngeal aspiration of
Aspergillus fumigatus, 7/126 Btk™~ mice exhibited mortality compared to 0/20 Btk™* mice
(p = 0.013; log-rank test) in 3 independent experiments. E. Weight loss in murine model of
Aspergillus fumigatus at day 3 post-infection shown with standard error of the mean bars (n
=9-11) (p< 0.0001; unpaired #test). F. Histology of representative lung sections from
murine model of Aspergillus fumigatus infection at day 4 post-infection (n = 7 Btk”~ and
wild-type mice). Hematoxylin and eosin stain mages in upper panels (scale bars, 500 um).
Note more extensive peribronchial mononuclear cell and neutrophil inflammation with focal
interstitial pneumonia and large airway mucous plugs in Btk/~ compared to Btk** mice
lung as pointed out by arrows. Grocott-Gomori’s methenamine silver stain (GMS) images in
lower panels demonstrate more extensive Aspergillus fumigatus conidia in Btk™~ compared
to Btk** mice as pointed out by arrows. G. Model of BTK and macrophage innate
immunity to Aspergillus. Pulmonary macrophages are the first line of defense against
inhaled Aspergillus. Toll-like receptors (TLRS) initiate signaling and the production of
inflammatory cytokines on exposure to fungal conidia spores and hyphae. TLR2 and TLR4
are membrane bound and initiate signaling through BTK, which promotes the nuclear
translocation of NF-xB (Horwood et al., 2006). Phagocytosis of Aspergillus fumigatus
conidia induces TLR9 recruitment to the phagosome and through BTK, leads to activation of
phospholipase Cy and calcineurin-mediated NFAT nuclear translocation (Herbst et al.,
2015). NF-xB acts in synergy with NFAT to produce TNFa that results in neutrophil
recruitment. Neutrophils are chemotactically attracted to affected areas by TNFa and
chemokines, and destroy fungal hyphae through oxidative and non-oxidative killing
(Lionakis and Kontoyiannis, 2003). BTK can also affect the myeloid compartment, where it
has a role in the differentiation and function of neutrophils (Fiedler et al., 2011; Stadler et
al., 2017). Additionally, glucocorticoids impair the phagocytic, oxidative and chemotactic
function of both macrophages and neutrophils, and are a risk factor for invasive aspergillosis
infection (Lionakis and Kontoyiannis, 2003).
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Table 1
Patient Characteristics
Characteristics Number | Percent
Total Enrolled 18 100
Age Median (Range) 66 (49-87) years
Male sex 11 61
ECOG Performance Status
1 13 72
2 3 17
3 2 11
Histology: Large B-cell lymphoma (PCNSL) 18 100
Untreated PCNSL 5 28
Previously treated PCNSL 13 72
Median (range) regimens 2 (1-6)
Treatment refractory 11 85
Prior methotrexate 13 100
Prior rituximab 12 92
Prior cranial radiation 4 31
Autologous Transplant 4 31
Disease sites
CSF + Flow cytometry 9 50
Intraocular 3 11
Deep brain lesions 13 72
Peripheral Disease 3 11
Elevated LDH 10 56
IELSG risk groups
0-1 3 17
2-3 7 39
4-5 8 44
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Toxicity

Table 2

Toxicity and Groups

Grade 3 No (%)

Grade 4 No (%)

Grade 5 No (%)

Ibrutinib-Window Group Patients (n = 18)

Non-Hematological

Infection PuImonary/CNSl 2(11)
Hyponatremia 1(6)
DA-TEDD:I-R Group Patients (n = 16)
Hematological
Neutropenia 10 (63) 15 (94)
Thrombocytopenia 13 (81) 9 (56)
Febrile Neutropenia 10 (69) 1(6)
Non-Hematological
Palmar-plantar erythrodysesthesia 2 (13)
Mucositis 2 (13) 1(6)
Infection pulmonary2 8 (50) 16
Infection other 3(19
Stroke 1(6)
Ventricular arrhythmia 1(6)
Intra-abdominal hemorrhage 1(6)
Nausea 1(6)
Diarrhea 2 (13)

Jlncludes 2 patients with both pulmonary and CNS Aspergillus.

2Inc|udes 5 patients with pulmonary Aspergillus.

3Inc|udes 2 patients with CNS Aspergillus.

See also Table S1.
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