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Combined autophagy and proteasome inhibition
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The efficacy of proteasome inhibition for myeloma is limited by therapeutic resistance, which may be mediated by

activation of the autophagy pathway as an alternative mechanism of protein degradation. Preclinical studies demon-
strate that autophagy inhibition with hydroxychloroquine augments the antimyeloma efficacy of the proteasome inhibi-
tor bortezomib. We conducted a phase | trial combining bortezomib and hydroxychloroquine for relapsed or refractory
myeloma. We enrolled 25 patients, including 11 (44%) refractory to prior bortezomib. No protocol-defined dose-limiting
toxicities occurred, and we identified a recommended phase 2 dose of hydroxychloroquine 600 mg twice daily with stan-
dard doses of bortezomib, at which we observed dose-related gastrointestinal toxicity and cytopenias. Of 22 patients
evaluable for response, 3 (14%) had very good partial responses, 3 (14%) had minor responses, and 10 (45%) had a period
of stable disease. Electron micrographs of bone marrow plasma cells collected at baseline, after a hydroxychloroquine
run-in, and after combined therapy showed therapy-associated increases in autophagic vacuoles, consistent with the
combined effects of increased trafficking of misfolded proteins to autophagic vacuoles and inhibition of their degrada-
tive capacity. Combined targeting of proteasomal and autophagic protein degradation using bortezomib and hydroxy-

chloroquine is therefore feasible and a potentially useful strategy for improving outcomes in myeloma therapy.

Introduction

Multiple myeloma is an incurable plasma cell malignancy.
Proteasome inhibition with bortezomib is now standard therapy
for myeloma, based on its ability to induce clinical responses and
confer a survival benefit in both relapsed myeloma and as ini-
tial therapy."? Despite this efficacy, bortezomib does not lead to
any cures, only 6% of patients with relapsed myeloma achieve a
complete response with single-agent bortezomib, and only 38%
have a partial response. Therefore, improvements in therapy are

needed.

*Correspondence to: Dan T Vogl; Email: dan.vogl@uphs.upenn.edu

The unique biology of plasma cells appears to confer par-
ticular susceptibility to proteasome inhibition. Plasma cells are
terminally differentiated B-cells, and bortezomib is also active
in other B-cell malignancies,®® but has limited efficacy in solid
tumors.”!? One possible explanation for this difference in effi-
cacy is the unique burden of misfolded proteins faced by malig-
nant plasma cells, which generate large amounts of a single amino
acid sequence as they produce the monoclonal immunoglobulin
characteristic of myeloma. Preclinical evidence suggests that the
efficacy of proteasome inhibitor therapy depends on the ability of
malignant plasma cells to clear misfolded proteins through pro-
teasomal degradation.”
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Table 1. Subject characteristics

Table 2. Pre-specified dose levels

Age (y)
Median 61 (range 43-69)
Gender
Male 14 (56%)
Race

Caucasian 19 (76%)
African-American 4 (16%)

Asian 2 (8%)

Paraprotein type

19G 15 (60%)

IgA 3 (12%)

Light chain only 6 (24%)

Non-secretory 1 (4%)

Prior therapies

Bortezomib 16 (64%)
Bortezomib-responsive 4 (16%)
Bortezomib-refractory 11 (44%)
Thalidomide or lenalidomide 24 (96%)
Thalidomide 18 (72%)
Lenalidomide 18 (72%)
Autologous transplant 24 (96%)

Allogeneic transplant 2 (8%)

We hypothesized that resistance to bortezomib therapy might
be due to activation of autophagy, the other major cellular mech-
anism for protein degradation. Autophagy is a process by which
cells traffic organelles and large proteins to membrane-bound
degradative vacuoles known as autolysosomes for degradation
by acid-dependent enzymes and recycling to the cell’s catabolic
mechanisms."* Autophagy occurs as part of normal cell physiology
but can also contribute to cell survival in the setting of nutrient
or growth factor deprivation, oxidative stress, and accumulation
of protein aggregates.” When proteasomal degradation is either
overwhelmed or inhibited, misfolded and ubiquitinated proteins
that accumulate in the cytosol are transported to perinuclear
aggresomes, which then are sequestered within autophagosomes
that subsequently fuse with lysosomes for degradation of their

16-

contents.'*'® Simultaneous proteasome and autophagy inhibition

therefore leads to accumulation of ubiquitinated proteins and
synergistic cytotoxicity in preclinical models.'”?
Hydroxychloroquine (HCQ), a drug with a favorable and
well-defined toxicity profile that is commonly used to treat
autoimmune diseases, is a known inhibitor of autophagy.?! The
autophagy-specific mechanism of action of chloroquine deriva-
tives is not fully understood, but they are known to be weak
bases that are trapped in acidic cellular compartments, such
as lysosomes, and increase the pH of those compartments.?
Deacidification of lysosomes inhibits their function, blocking the
last step in autophagy and leading to a cytosolic accumulation of
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Ilje(‘),s:; dol;'ec/?iay Dose schedule of HCQ Dose(c;felszrot:ez)omib
1 100 mg 200 mg every other day 1.0 mg/m?
2 100 mg 200 mg every other day 1.3 mg/m?
3 200 mg 200 mg daily 1.3 mg/m?
4 400 mg 200 mg twice daily 1.3 mg/m?
5 800 mg 400 mg twice daily 1.3 mg/m?
6 1200 mg 600 mg twice daily 1.3 mg/m?

Patients received continuous hydroxychloroquine. After a 2-wk run-in,
patients started bortezomib on a standard schedule on d 1, 4, 8, and 11 of
each 21-d cycle.

autophagic vacuoles (AVs) with undigested contents. Autophagy
inhibition augments the efficacy of many anticancer therapies
in cell lines and animal models.?*#” Specifically, preclinical evi-
dence suggests that autophagy inhibition synergistically increases
bortezomib cytotoxicity in laboratory models of myeloma,?®%°
colon carcinoma,” and hepatocellular carcinoma.?

Based on myeloma cells’ dependence on protein degradative
capacity, the role of autophagy in degrading misfolded proteins,
and the strong preclinical rationale, we have employed a strategy
of combined targeting of proteasomal and autophagic protein
degradation for myeloma therapy. Here we report a phase I trial
assessing the safety and preliminary efficacy of hydroxychlo-
roquine and bortezomib in patients with relapsed or refractory
multiple myeloma.

Results

Study population

We enrolled 25 patients between January 2008 and February
2011 (Table 1) to 6 pre-specified dose levels (Table 2) of a treat-
ment regimen consisting of a 2-wk run-in of single-agent HCQ
followed by combined therapy with bortezomib (Fig. 1). Three
patients were not evaluable for dose-limiting toxicity (DLT) or
response from the combined regimen because of progression (2
patients) or a severe infection (one patient with pneumonia) dur-
ing the HCQ run-in. One additional patient (at dose level 4) was
not evaluable for DLT from the combined regimen because of
symptomatic progression after only one dose of bortezomib. We
therefore had 21 patients evaluable for toxicity, including 3 at
each of the first 5 dose levels and 6 at the top dose level.

Among the entire enrollment cohort of 25 patients, the
median age was 61 y (range 43 to 69); 56% were male, 76%
were Caucasian, 16% African-American, and 8% Asian. The
paraprotein type was IgG in 60%, IgA in 12%, and light chain
only in 24%, with one patient having non-secretory myeloma.
The median number of prior therapies was 3 (range 1 to 7). Of
the 16 patients who had received prior bortezomib (64%), 11
were refractory to their most recent bortezomib-containing regi-
men, one had achieved only a minimal response, 3 had achieved
a partial response or better, and one was not assessed for response
because of non-secretory disease. All but one patient (96%) had
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Figure 1. Schema of study treatment and acquisition of correlative samples. Patients started a 2-wk run-in of single-agent hydroxychloroquine (HCQ),
which they continued during 3 wk cycles of standard bortezomib (B) on d 1, 4, 8, and 11. Solid arrows indicate time points at which samples were
obtained for all patients; this included peripheral blood mononuclear cells obtained at baseline, on d 1 and 8 of cycle 1, and on d 1 of cycle 2, as well as
bone marrow samples obtained at baseline and on d 1 of cycle 1. The hatched arrows indicate that the bone marrow samples obtained on combined

HCQ and bortezomib were either on d 5 of cycle 1 (the final 3 patients) or d 1 of cycle 2 (all previous patients).

Table 3. Clinically significant adverse events during combined bortezomib
and hydroxychloroquine, number of patients by dose level

Thrombocytopenia

Neutropenia

Grade 3 2 - 1 - 1 - -

Grade 4 1 - - - - - 1

Peripheral neuropathy (treatment emergent)

Nausea/vomiting/anorexia

Constipation/lleus

Grade 1/2 5 1 - - 1 2 1

Grade 3 2 - - - - - 2

Fatigue/dizziness/weakness

Grade 1/2 13 3 2 1 2 2 3

Grade 3/4 0 - - - - - -
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received prior thalidomide or lenalidomide (72% had received
prior thalidomide and 72% prior lenalidomide). All but one

Dose level All 1 2 3 4 5 6 patient (96%) had received an autologous stem cell transplant,
R 25 3 3 4 3 4 3 and 2 (8%) had.undergone .al.logeneic transplantation.
: Dose escalation and toxicity
Bortezomib dose o)1 13fm3f13]s3 After 6 cohorts of dose escalation (Table 2), we identified as
HCQ dose/day 100 | 100 [ 200 [ 400 | 800 | 1200 the recommended phase 2 dose the top dose level: HCQ 600 mg

twice daily and bortezomib 1.3 mg/m?. No protocol-defined
dose-limiting toxicities occurred at any dose level. The most

Grade 3 4 - 2 - 1 - 1 . . . . .
common adverse events in patients treated with this regimen
Grade 4 3 - - - 1 - 2 were bone marrow suppression and fatigue (Table 3), though
Anemia for most patients these were more likely related to their underly-
Grade 3 6 i 5 5 ] _ ] ing disease than to specific toxicities of therapy. Gastrointestinal
o n 5 - - - - - - toxicities generally appeared during the 2nd cycle of combined

therapy and worsened into the 3rd cycle and therefore did not
meet our formal definition of a DLT. However, at the top dose
level, gastrointestinal toxicities predominated, including 4 out
of 6 evaluable patients with grade 3 gastrointestinal toxicity
(one with constipation and nausea, one with diarrhea and nau-
sea, one with anorexia, and one with an ileus), all manageable

Grade 1 4 1 1 - 1 - L with symptomatic therapy. The patient with grade 3 anorexia
Grade 2 5 i 1 1 1 1 1 also had grade 2 nausea and constipation, as well as grade 3
Crade 372 5 - - - - - - hypotension and syncopal episodes, which were related to dehy-

dration, autonomic neuropathy, or both; for this patient, we
reduced the dose of bortezomib from 1.3 to 1.0 mg/m? during

Grade 1/2 14 2 3 2 3 2 2 cycle 3 of combined therapy. We reduced the dose of bortezo-
Grade 3 3 . i . i j 3 mib from 1.3 to 1.0 mg/m? for 4 additional patients because of
- grade 2 fatigue (one patient in cohort 4 during cycle 4) or grade
Diarrhea . . . .
2 peripheral neuropathy (one patient in dose cohort 2 during
Grade 1/2 2 - ! 2 2 2 2 cycle 7, one patient in dose cohort 4 during cycle 3, and one
Grade 3 1 - - - - - 1 patient in dose cohort 5 during cycle 6).

Hematologic abnormalities were generally more attribut-
able to disease progression than to treatment toxicity (espe-
cially in the lower dose cohorts). However, at the top dose
level one patient who developed grade 3 thrombocytopenia
and grade 4 neutropenia (nadir platelet count of 26,000/mm?
platelets and absolute neutrophil count of 250/mm? during
cycle 2) had started with normal platelets (156,000/mm?) and
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Table 4. Best responses to combined bortezomib/hydroxychloroquine, by
dose level, including all subjects evaluable for response

Table 5. Best responses to combined bortezomib/hydroxychloroquine, by
prior response to bortezomib, including all subjects evaluable for response

:)e“’: N Bor::l?s:mlb Hc(?n ‘;‘)’SQ VGPR | PR | MR | sD | PD
(mg/m?)

1 3 1.0 200 qod 1 2
2 |3 13 200 qod 1| 2
3 |4 13 200 qd 3|1
4 |3 13 200 bid 1 1|
5 |3 13 400 bid 1] 2
6 |6 13 600bid | 2 1] 3

PD, progressive disease; VGPR, very good partial response; PR, partial
response; MR, minor response; SD, stable disease. god, every other day; qd,
daily; bid, twice daily; HCQ, hydroxychloroquine

neutrophils (3680/mm?) and had stable myeloma serum markers
through therapy, suggesting that his profound cytopenias were
treatment-related.

Clinically significant infections occurred in a total of 5
patients, distributed among cohort 1 (1 pneumonia), cohort 2 (1
pneumonia and 1 Clostridium difficile colitis after antibiotic ther-
apy for an upper respiratory tract infection), cohort 4 (1 pneumo-
coccal pharyngitis and bacteremia), and cohort 6 (1 patient with
pneumococcal pneumonia and sepsis during the HCQ run-in).
All patients with infectious complications responded appropri-
ately to antibiotics, and 3 of the 5 were able to continue on study
therapy; these infections were thought to be more likely related
to the underlying immunosuppression of myeloma than to any
specific immunosuppression from study therapy.

Treatment-emergent peripheral neuropathy was generally
mild and within the range expected with single-agent bort-
ezomib. The few visual complaints that occurred during study
therapy were self-limited and not thought to be related to study
treatment. Eleven patients underwent end-of-study ophthalmo-
logic exams, none of which revealed any retinal toxicity.

The median duration of study participation was 14 wk (range
1 to 77). Reasons for study discontinuation were side effects
of therapy (3 patients), adverse events unrelated to therapy (3
patients), insufficient response (4), disease progression (14),
and noncompliance (one). Of the 3 patients who stopped study
therapy because of related side effects, one (at the top dose level)
had severe constipation and painful neuropathy during the sec-
ond cycle of combined therapy, one (at dose level 4) had grade 3
fatigue after 4 cycles of combined therapy, and one (at dose level
1) had grade 1 peripheral neuropathy, grade 2 weakness, grade 3
anemia, and grade 2 anorexia.

Disease response

Of the 25 patients enrolled in the study, 22 were assessable
for response to the combination therapy. The other 3 patients
had adverse events during the HCQ run-in and came off study
without receiving any bortezomib doses. Of the 22 evaluable
patients, 3 (14%) had very good partial responses (VGPR, all
with the M-spike faintly visible on serum protein electrophore-
sis or detectable by immunofixation only), 3 (14%) had minor

www.landesbioscience.com

VGPR| PR | MR | SD | PD || =PR | = MR

Bortezomib naive 3 4 1 38% | 38%
Bortezomib responsive 1 2 1 0 25%
Bortezomib refractory 2 4 4 0 20%

PD, progressive disease; VGPR, very good partial response; PR, partial
response; MR, minor response; SD, stable disease

responses (MR), and 10 (45%) had stable disease (SD) for at least
one cycle; 6 (27%) had immediate progression without achieving
a period of stable disease.

We analyzed response according to dose level (Table 4) and
prior bortezomib exposure (Table 5). The 3 VGPRs occurred in
patients treated at the higher dose levels who had never before
received bortezomib. Two patients who had previously pro-
gressed while receiving weekly bortezomib had MRs while on
study therapy; one (on dose level 1) achieved this response after
13 cycles of therapy and then maintained it for an additional 7.3
mo, and the other patient (on dose level 2) achieved a MR after
3 cycles of therapy but went off the study for antibiotic-related
C. difficile colitis resulting in a prolonged hospitalization, during
which her disease progressed. Four subjects previously refractory
to bortezomib initially achieved SD during study treatment, with
times to progression on study of 9 wk (on dose level 1), 15 wk (on
dose level 2) and 9 and 14 wk (on dose level 3). At the top dose
level and recommended phase 2 dose, 2 of 6 evaluable subjects
had a VGPR (which lasted 18 and 36 wks), and one had SD last-
ing 8 wk.

Autophagy assessments

To explore the effects of this regimen on the autophagy path-
way, we assessed mean AVs per cell in serial samples of bone
marrow plasma cells and peripheral blood mononuclear cells
(PBMCs) obtained during study therapy. We expected the num-
ber of AVs per cell to increase with HCQ alone (which inhib-
its the degradation of vesicular contents and clearance of AVs),
with a further increase after the addition of bortezomib (which
induces the formation of AVs by blocking proteasomal degrada-
tion of misfolded proteins). Ten subjects had complete sets of
3 bone marrow aspirates, and all 21 subjects who completed at
least one full cycle of study therapy had complete sets of 4 PBMC
samples.

Therapy-associated accumulation of AVs was apparent in
bone marrow plasma cells. In one patient with a VGPR to study
therapy (patient number 13), striking step-wise accumulation of
vacuoles with undigested contents was observed after 2 wk of
HCQ therapy and with combination therapy (Fig. 2A and B).
For this patient, we performed confirmatory immunoblotting for
MAPILC3A/LC3 and SQSTM1/p62 (Fig. 2C). MAPILC3A is
a cytoplasmic protein that is conjugated to the surface of AVs
during their formation; the cytoplasmic form migrates as LC3-1
on gel electrophoresis whereas the AV-conjugated form migrates
as LC3-11, so the LC3-II/LC3-I ratio correlates directly with the
number and size of accumulated AVs. SQSTM1 binds to aggre-
gated proteins and is degraded by autophagy, so inhibition of
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collected over a period up to 169
d. Figure 4 shows the individual
observed concentrations vs. the
predicted concentrations from the
population PK model. The popu-

lation model PK parameters do

not specifically represent steady-

Baseline Cycle 1, Day 1 Cycle 2, Day 1 state values, as they were deter-
(HCQ alone) (HCQ + bortezomib) mined from multiple repeated
_ N single doses taken by individual
B 8 57 C aY a3 patients during their period of
EJ_ o O 9 participation in the study. The
4 ST .
@ L P model that best described the
S F > disposition of HCQ blood con-
§ 34 - centrations was a 2-compartment
o LC3- | e model with first-order absorption
E’ 21 LC311 | and a lag time. The inclusion of
g — weight as a factor on clearance
"g 14 SQSTM1/p62 significafntly imp.roved the model.
c A nondiagonal fit was not supe-
© . . .
2 04 , g rior to a diagonal fit based on
. . T actin . . . .
Baseline C1D1 C2D1 : Akaike information criterion,
[_HCca I HCQ : -2(LL), and Bayesian information
LC3-I/LC3-Iratio 2.5 1.6 4.0 ’ 4
2] criterion. The final model, speci-

fied as the population or typical

Figure 2. Therapy-associated autophagy modulation in myeloma cells from a patient treated with hydroxy-
chloroquine 400 mg daily and standard bortezomib. (A) Representative electron micrographs of CD138-
selected bone marrow plasma cells. Red arrows indicate AVs; orange arrows indicate mitochondria. Scale
bar: 2 um. Samples were obtained from a single patient (patient 13, on dose cohort 4) prior to treatment
(baseline), after the 2-wk HCQ run-in on d 1 of cycle 1, and prior to therapy on d 1 of cycle 2. (B) Quantification
of AVs in bone marrow plasma cells from patient 13 obtained at baseline, d 1 of cycle 1 (C1D1), and d 1 of
cycle 2 (C2D1). Vacuole counts from 2 assessors blinded to patient and time point were averaged, with
error bars reflecting the standard error of measurement across 25 cells per sample. The treatment schema
shows the timing of administration of daily oral hydroxychloroquine (HCQ) and intravenous bortezomib (B).
(€) Immunoblotting of bone marrow plasma cells from patient 13 at the same time points.

value (tv) and random effect (n)
for each parameter was as fol-
lows: first order absorption rate
constant (Ka) = tvKa * exp(nKa);
apparent volume of distribution
in central compartment (Vc/F)
= tvV * exp(nV)/F; apparent vol-
ume of distribution in peripheral
compartment (Vp/F) = tV2 *

autophagic degradation leads to intracellular accumulation of
SQSTML. For patient 13, increases in both SQSTM1 and the
LC3-1I/LC3-I ratio are evident from baseline to d 1 of cycle 2
(after 3 wk of combined bortezomib and HCQ), consistent with
the accumulation of AVs seen on electron micrographs.

Across all patients with available samples, we observed a sig-
nificant therapy-associated accumulation of AVs in bone mar-
row plasma cells (Fig. 3A). Results from mixed-effects models
indicated a significant time effect in bone marrow plasma cells
(P = 0.015), with mean AVs per cell elevated on cycle 1 d 5 and
cycle 2 d 1 compared with baseline and cycle 1 d 1. In contrast,
we did not observe accumulation of AVs in PBMCs (Fig. 3B),
and the corresponding mixed effects models showed no signifi-
cant time effect in mean AVs per cell measured in PBMCs (P =
0.140). Mean vacuole counts in PBMCs did not correlate well
with counts in bone marrow plasma cells obtained at the same
time, as shown in Figure 3C.

HCQ pharmacokinetics and pharmacodynamics

We performed population pharmacokinetic (PK) analy-
sis using 238 non-baseline blood HCQ levels from 21 patients

1384 Autophagy

exp(nV2)/F; apparent oral clear-
ance = tvCl * weightdCldveisht
*exp (nCl)/F; intercompartmental clearance (Q) = tvQ*exp(nQ);
lag time (tLag) = tvtLag = exp(ntLag). The residual error was
supported by a multiplicative error model, as described by: Cobs
= C*(1 + Ceps), where Cobs is the observed concentration, C is
the predicted concentration, and Ceps is the zero mean normally
distributed random variable.

We used the final PK model to simulate HCQ blood con-
centrations for individual patients at steady-state, which was
achieved on average after 21 d. Blood HCQ concentration rela-
tionships for area under the concentration-time curve (AUC),
maximum concentration (C_ ), trough concentration (C_ ),
and average concentration (C ) were proportional to daily
HCQ dose. Figure 5 shows results for C_ , which is representa-
tive of the other parameters. Individual PK parameter estimates
derived from the population were most variable for central vol-
ume of distribution (Vc/F) and intercompartmental clearance
(Table 6).

We could not identify a statistically significant relationship
between HCQ levels and pharmacodynamic markers. A classifi-
cation and regression tree analysis of 11 patients did not identify
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Figure 3. Therapy-associated autophagy modulation in myeloma and
peripheral blood mononuclear cells from patients treated with hydroxy-
chloroquine (HCQ) and bortezomib. Shown are mean autophagic vacu-
ole counts in (A) bone marrow plasma cells and (B) PBMCs sampled
during therapy. The bone marrow results were taken at baseline, on d
1 of cycle 1 (C1D1, after a 2-wk HCQ run-in), and either on d 5 of cycle 1
(C1D5, ~24 h after the d 4 bortezomib dose) or on d 1 of cycle 2 (C2D1,
~10 d after the d 11 bortezomib dose). Peripheral blood samples were
obtained at baseline, on C1D1, on d 8 of cycle 1 (C1D8), and on C2D1.
P values are shown for comparisons across all time points, and aster-
isks indicate time points that are significantly (P < 0.05) different from
baseline. The treatment schema below each panel shows the timing of
administration of daily oral hydroxychloroquine (HCQ) and intravenous
bortezomib (B). (C) Correlation between autophagic vacuole counts in
peripheral blood mononuclear cells and bone marrow plasma cells for
all time points at which patients had both samples obtained at the same
time. Correlation coefficients were not statistically significant at baseline
(0.34, P=0.21), C1D1 (0.10, P = 0.77), or C2D1 (0.65, P = 0.18).

a threshold at which there was a significant association between
HCQ concentrations (C_, C . , or AUC) and change in AVs in
bone marrow plasma cells from baseline to after the 2-wk HCQ
run-in. An equivalent analysis of AV accumulation in PBMCs
yielded similar results. Mixed-model analysis also revealed no
statistically significant association of PK parameters with AV
accumulation in bone marrow plasma cells or PBMCs.

Discussion

Preclinical studies demonstrating increased antitumor effi-
cacy of combined proteasome and autophagy inhibition provided
a strong rationale for conducting this phase I trial of bortezo-
mib and hydroxychloroquine in multiple myeloma.**#% Our
results demonstrate the feasibility of this approach, as well as
intracellular accumulation of AVs during combined stimulation
of the autophagy pathway and inhibition of its final step.

Our clinical results demonstrate that the combination of bort-
ezomib and HCQ is feasible and well tolerated. Unlike other clin-
ical trials combining HCQ either with vorinostat (Mahalingam
et al., this issue®®) or with temozolomide and cranial radiation
(Rosenfeld et al., this issue®), we observed no adverse events that
met our definition of a dose-limiting toxicity, with only 3 sub-
jects stopping therapy because of side effects of the combined reg-
imen. The likely DLTs for this combination are gastrointestinal
and hematologic, and we did not observe any evidence that HCQ
potentiates the sensory neuropathy that is the primary dose-
limiting toxicity for bortezomib. We observed several responses,
including 2 minor responses in patients previously refractory to
bortezomib and 3 near-complete responses in bortezomib-naive
patients, as well as stable disease lasting 9 to 17 wk in 4 patients
previously refractory to bortezomib. These responses and periods
of stable disease suggest improved efficacy with the combination
over bortezomib alone. However, some patients received a higher
bortezomib dose intensity during this treatment than when
they previously progressed on bortezomib therapy, so it remains
unclear whether the HCQ truly increased responses beyond what
would be expected with single-agent bortezomib.

www.landesbioscience.com Autophagy
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1.5E+04 — R-squared = 0.9281 There are severa.d Possible reasons tha.t we did not
Intercept = 1.79 see more robust clinical responses. While the com-

N Slope = 0.9867 bination of bortezomib and HCQ clearly modified
= = autophagy dynamics in tumor cells, a higher degree
> of autophagy modulation may be necessary to elicit
b more prominent cell death. This could be achieved
& 1E+04— ° with higher doses of HCQ, the use of a more potent
E autophagy inhibitor, or the use of a more potent pro-
§ & teasome inhibitor. The toxicities that we observed
S N at our top dose level (which is the highest tolerated
8 dose of HCQ in rheumatologic illnesses) suggest
O that higher doses of HCQ would not be well tol-
% 5000 — erated in this combination. HCQ’s long-terminal
o half-life results in a time to steady-state concentra-
o tions of several weeks,” so some of our patients may
o} N not have achieved sufficient HCQ concentrations
during their time on study therapy, and an auto-

phagy inhibitor with more favorable pharmacoki-

0 T I T | T | T | | netic characteristics may be necessary to successfully

0 2000 4000 6000 8000 1E+04 implement this strategy. Other mechanisms of resis-

Individual Predicted HCQ Concentrations (ng/mL)

tance to bortezomib, such as drug efflux pumps or
proteasome mutations, may be present in individual

Figure 4. Correlation of predicted and observed hydroxychloroquine (HCQ) levels.
Shown are observed HCQ whole blood concentrations vs. individual predicted con-
centrations from a population pharmacokinetic model in patients treated with HCQ

and bortezomib.

patients, especially those previously treated with
bortezomib. If one of these resistance mechanisms
is active, bortezomib would not actually inhibit the
proteasome, and autophagy inhibition, which is

unlikely to be effective alone, would not be expected
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Figure 5. Hydroxychloroquine (HCQ) levels in patients receiving HCQ
and bortezomib for myeloma. Shown are steady-state HCQ whole blood
concentrations, by average daily HCQ dose. Steady-state HCQ concentra-
tions are estimated from a population pharmacokinetic model. The graph
shows the median (solid horizontal line), mean (dashed horizontal line),
25th-75th percentiles (box), and 5th-95th percentiles (whiskers).
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to augment bortezomib efficacy. Therefore, it is
possible that a more potent and pharmacologically active pro-
teasome inhibitor could produce more antitumor activity in
combination with an autophagy inhibitor. In addition, other
cell survival pathways such as the ER stress and unfolded
protein responses may allow malignant plasma cells to avoid
apoptosis, even in the presence of combined proteasome and
autophagy inhibition.

Our correlative results suggest that we successfully tar-
geted protein degradation pathways in patients’ tumor cells.
We observed therapy-associated changes in AVs in myeloma
cells in individual patients, with an overall increase over time
in AVs during study therapy. Perhaps due to our small sample
size, we were unable to correlate changes in AVs with clinical
response or HCQ exposure, though a clear correlation between
HCQ exposure and AV accumulation was observed in larger
HCAQ trials in other malignancies (Rosenfeld et al., this issue*;
Rangwala et al., this issue®®). We also may have missed peak
changes in AVs due to the timing of sample acquisition.

A unique feature of this study was the analysis of autophagy
dynamics simultaneously in tumor cells and in PBMCs, which
demonstrated that tumor cell autophagy was more significantly
perturbed with treatment than PBMC autophagy. This was also
observed in a phase I trial of vorinostat and HCQ in advanced
solid tumors (Mahalingam et al., this issue®), and a trial of
HCQ in combination with doxorubicin for canine lymphoma
showed a much higher concentration of HCQ in tumor tis-
sue than in plasma (Barnard et al. this issue®”). These findings
suggest that direct measures of tumor cell autophagy should
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continue to be incorporated into future clinical trials of auto-
phagy inhibitors, rather than using analyses of surrogate tissue.

Our trial results suggest several avenues for further investiga-
tion. A more thorough characterization of treatment-associated
changes in AVs in patients treated with single-agent proteasome
inhibition would determine how common and significant auto-
phagy induction is in these patients. Based on this study, future
trials of novel proteasome inhibitors with either HCQ or a novel
autophagy inhibitor are also warranted. Preclinical studies are
identifying more potent inhibitors of autophagy,®® which may
be useful in such combinations. In addition, although lysosomal
targeting with HCQ is a rational approach to blocking the final
degradative step in the autophagy pathway, another critical step
to target in this protein-degradation pathway may be the traffick-
ing of ubiquitinated proteins to the aggresome, a process that is
mediated by histone deacetylase (HDAC) 6. HDAC inhibitors
have synergistic preclinical activity in combination with bortezo-
mib.?** The pan-HDAC inhibitors vorinostat and panobinostat
have clear activity in relapsed/refractory myeloma, though their
clinical utility may be limited by fatigue and thrombocytope-
nia.“**" ACY-1215, a specific inhibitor of HDACG, is currently in
early clinical trials (clinicaltrials.gov identifier: NCT01323751);
the combination of this drug with bortezomib should result
in an accumulation of intracellular ubiquitinated proteins but
decreased formation of AVs.

Beyond protein degradation, autophagy also has a role in
allowing malignant cells to survive other apoptotic stresses and
therefore has a wider potential to improve treatment efficacy
across tumor types.” Trials evaluating hydroxychloroquine as an
autophagy inhibitor in combination with cytotoxic chemotherapy
(Rangwala et al., this issue®®; Rosenfeld et al., this issue®), cell
signaling inhibitors (Rangwala et al., this issue®), or epigenetic
modifiers (Mahalingam et al., this issue*®) have shown encour-
aging ecarly results. Therefore, autophagy inhibition remains a
promising strategy for improving the efficacy of cancer therapy.

Materials and Methods

Patients

We enrolled patients with relapsed or refractory myeloma
after at least one prior treatment regimen. Prior bortezomib ther-
apy was permitted if it did not result in dose-limiting toxicity;
prior autologous or allogeneic hematopoietic stem cell transplants
were also permitted. Myeloma was considered refractory if it pro-
gressed while the patient was receiving prior therapy or within 60
d of stopping it. Participants met the following inclusion criteria:
no baseline peripheral neuropathy of grade 2 or higher, no known
macular degeneration or retinopathy, porphyria, or uncontrolled
psoriasis, Eastern Cooperative Oncology Group performance
status < 2, adequate bone marrow function (absolute neutrophil
count = 500/pl, hemoglobin > 7 g/dL, platelets = 25,000/pl1),
adequate organ function (serum creatinine and total bilirubin <
2 times upper limit of normal, and aspartate aminotransferase
and alanine aminotransferase < 2.5 times upper limit of normal),
no known central nervous system involvement, and no treatment
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Table 6. Final HCQ population pharmacokinetic parameter estimates

Parameter e,svt|i(:1]ae':e Be(:t)it;t:: CV% 95% Cl
Ka (h™) 1.27 1.48 30.69 1-2
Vc/F (L) 243.87 356.32 67.34 | 208.63-956.25
Vp/F (L) 2537.68 2810.19 41.28 | 924.70-3698.81
CI/F (L/h) 3.00 353 42.11 3-9.70
Q(L/h) 15.00 19.13 53.37 15.00-51.17
tLag (h) 1.74 1.80 33.75 1-2.63
Stdev 0.196 0.208 18.53 0.136-0.284

Ka, absorption rate constant; Vc/F, apparent volume of distribution of the
central compartment; Vp/F, apparent volume of distribution of the periph-
eral compartment; CI/F, apparent oral clearance; Q, intercompartmental
clearance; tLag, lag time; Stdev, standard deviation; CV, coefficient of varia-
tion; Cl, confidence interval; L, liters; h, hours

with other antimyeloma agents within 14 d or corticosteroids
within 7 d. All patients provided written informed consent prior
to participation, and the study protocol was approved by the
University of Pennsylvania Institutional Review Board.

Study design

Patients enrolled on a standard 3 + 3 dose escalation design
using the pre-specified dose levels shown in Table 1. Patients
received a 2-wk run-in of single-agent oral HCQ (Watson,
00591-0698-01), followed by the addition of intravenous bort-
ezomib (Millennium Pharmaceuticals) on d 1, 4, 8, and 11 of
each 21-d cycle (see Fig. 1 for treatment schema).

Dose escalation was permitted if 0 of 3 or < 2 of 6 patients
experienced a dose-limiting toxicity (DLT). DLT was defined as
a grade = 3 toxicity during the first cycle of combined therapy
that was probably or definitely related to study therapy. Because
of the known toxicity profile of bortezomib and the commonly
accepted toxicities of therapy for relapsed and refractory myeloma,
we did not consider the following to be DLTs, regardless of grade:
anemia, lymphopenia, neutropenia responsive to growth factor,
platelets > 10,000/mm? not associated with bleeding, or gastro-
intestinal complaints relieved by symptomatic therapy. Toxicity
was graded using version 3.0 of the National Cancer Institute
Common Terminology Criteria for Adverse Events.

Patients who experienced a DLT received no further therapy
until the toxicity resolved to grade 1 or better, with any toxicity-
related treatment delay of = 14 d resulting in termination of study
treatment. Dose reductions of bortezomib were from 1.3 to 1.0
mg/m?, then to 0.7 mg/m?, and then discontinuation; for HCQ,
reductions were by 200 mg/d. For development of neuropathy on
study, the protocol required reduction of the bortezomib dose for
grade 2 neuropathy, discontinuation of both agents for grade 3
neuropathy (with the possibility of restarting bortezomib at 0.7
mg/m?), and discontinuation of study therapy for grade 4 neu-
ropathy. Gastrointestinal symptoms were managed with symp-
tomatic therapy, holding treatment for grade 3 or 4 toxicity until
it returned to grade < 2, then restarting with a dose reduction
of hydroxychloroquine (for grade 3) or both agents (for grade
4). For all other DLTs, the protocol required dose reduction of
both agents.
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Response was assessed on d 1 of each cycle according to
International Working Group criteria,* which define a partial
response (PR) as a 50% decrease in serum paraprotein and a
90% decrease in urine paraprotein, a very good partial response
(VGPR) as 2 90% reduction in serum paraprotein or serum and
urine paraprotein detectable only by immunofixation, and a com-
plete response as the absence of paraprotein on serum and urine
immunofixation and < 5% plasma cells in the bone marrow, with
the addition of a category of minor response (MR),” defined as a
25% reduction in serum paraprotein and 50% decrease in urine
paraprotein; disease progression is defined as an increase of 25%
from baseline in serum or urine paraprotein or development of
new bone lesions, hypercalcemia, or soft tissue plasmacytomas.
We therefore measured serum protein electrophoresis (with
immunofixation as indicated), quantitative serum immunoglob-
ulins, and serum free light chain levels on d 1 of every cycle,
as well as a urine protein electrophoresis (with immunofixation
as indicated) every cycle for subjects with a baseline measurable
urine paraprotein (or every 4th cycle otherwise). For patients
with non-secretory myeloma, a bone marrow biopsy and radio-
logic evaluation was required every 4 cycles. Safety assessments
included a complete blood count and comprehensive metabolic
panel on d 1 of each cycle, as well as ophthalmology examina-
tions at baseline and end of study (for any subject completing at
least 2 cycles of combined therapy).

Autophagy assessments

We collected peripheral blood mononuclear cells (PBMCs)
from all patients at 4 time points: at baseline, prior to bortezomib
ond 1 and 8 of cycle 1, and prior to bortezomib on d 1 of cycle
2. For consenting patients, we performed bone marrow aspirates
and core biopsies at 3 time points: baseline, prior to bortezomib
ond 1 of cycle 1, and prior to bortezomib on d 1 of cycle 2; for
the final 3 patients in the study, the third and final bone marrow
aspirate was performed on d 5 of cycle 1, approximately 24 h after
the d 4 dose of bortezomib. PBMC samples were drawn directly
into cell preparation tubes, and the mononuclear cell layer was
extracted. Bone marrow aspirate samples were processed using
Ficoll (GE Healthcare Bio-Sciences, 17-1440-03) extraction
and isolation of plasma cells using CD138 beads (Miltenyi,
130-051-301).

The most reliable measurement of autophagy is quantifica-
tion of AVs by electron microscopy. After sample processing
(using previously described procedures”'), digital electron micro-
graphs were captured for 25 individual cells at 6000x (bone
marrow plasma cells) and 12,000 x (PBMCs). AVs were scored
by investigators who were blinded to treatment time points.
Morphological criteria for AVs included 1) circularity, 2) con-
trast: white or lighter than the cytoplasm, 3) contents, 4) size >
200 nm, and 5) location: > 200 nm interior to the plasma mem-
brane. Vesicular structures with cristae characteristic of mito-
chondria in cross section were excluded. We fit mixed-effects
models to the mean AV counts in both PBMCs and bone mar-
row plasma cells. Models included a fixed effect of measurement
time (cycle/day) and a random subject effect. We estimated the
models using the Proc Mixed procedure in SAS Version 9.3 (SAS
Institute).
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Western blots were performed as previously described,? using
antibodies to MAPILC3A/LC3 (generated using QCB biologi-
cals?'), SQSTM1/p62 (Santa Cruz Biotechnology, SC-D3), and
ACTB/actin, B (Santa Cruz Biotechnology, SC-119).

Hydroxychloroquine pharmacokinetics

Whole blood samples were collected on d 1 and 8 of the first
cycle and on d 1 of each subsequent treatment cycle for HCQ
concentration analyses. Sample aliquots of 100 wL were mixed
with 10 wL of internal standard (IS) (d4-HCQ, Toronto research,
H916902), then vortexed vigorously with 400 wL of 90:10 ace-
tonitrile (Fluka, 34967-2.5L)/methanol (Fluka, 34966-2.5L),
then centrifuged. A 350-pL aliquot of the supernatant fraction
was withdrawn and dried under nitrogen gas. The samples were
reconstituted with 100 wL of mobile phase, using 90:10:0.1%
acetonitrile/water (Fluka, 39253-4L-R)/formic acid (Fluka,
56302-50ML-F). Then, 10 pL was injected onto a Kinetex 50
x 3 mm 2.6 um 100A HPLC column (Phenomenex, 00B 4462-
40) eluted with a gradient mobile phase of 0.1% formic acid in
acetonitrile and water at 500 pL/min. A 1200 Series Agilent
HPLC system was used with an API 4000™ (AB SCIEX, Foster
City, CA) mass spectrometer and electrospray interface operated
in positive mode with multiple reaction monitoring detection.
The capillary voltage was 4000 V with a source temperature of
500 °C. Mass spectrometer parameters were adjusted to maxi-
mize the intensity of the [M + H]* ions in quadrupole 1 and the
m/z transition ions of HCQ (337.275 — 248.152) and IS (341.150
— 252.035) in quadrupole 3. The HPLC system and mass spec-
trometer were controlled by AB SCIEX Analyst® software (ver-
sion 1.6.1) and data collection and analyses were conducted with
the same software. Standard curves were constructed by plotting
the analyte-to-IS ratio vs. the known concentration of HCQ (x)
in each sample. Standard curves were fit by linear regression with
weighting by 1/x. Samples were assayed in duplicate; samples for
which the percent difference exceeded 15% were reanalyzed and
samples for which concentrations exceeded the range values for
the calibration curve were diluted appropriately and reanalyzed.
The calibration curve was linear from 1 to 5000 ng/mL with cor-
relation coefficients ranging from 0.9990 to 0.9999. The lower
limit of quantification was 1.0 ng/mL. The correlation coeffi-
cients for both inter- and intra-day variability were < 5.6% for
each concentration (15 ng/mL, 750 ng/mL, and 1500 ng/mL)
studied. The mean accuracy for inter- and intra-day evaluations
was between 97.2 and 102%.

Whole blood HCQ concentration data were analyzed by
nonlinear mixed-effect modeling using Phoenix™ NLME 1.2
(Pharsight, Cary, NC). Initial estimates for a base population
pharmacokinetic model were derived from a naive-pooled data
analysis of individual patient blood concentration time data.
One and 2-compartment models with first-order absorption
and elimination, with and without a lag time, were evaluated
as the potential pharmacokinetic base structural model. Inter-
individual variability of population pharmacokinetic parameters
was considered to be log-normally distributed with mean of 0
and variance of w2. Visual inspection of standard goodness of
fit/diagnostic plots and numerical diagnostics were used to deter-
mine optimal model fits. The first-order conditional maximum
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likelihood estimation, the Lindstrom-Bates method, was used for
the modeling process. Diagnostic scatter plots (individual and
population predicted values vs. observed concentrations, condi-
tional weighted residuals vs. time and conditional weighted resid-
uals vs. observed concentrations), Akaike information criterion,
and the likelihood ratio test, were used to select the base model.
Conditional weighted residuals vs. time and predicted concen-
tration time plots helped confirm that the chosen residual error
model was appropriate.

Visual inspections of scatter and box plots for eta (random
effect) values were used to explore potential continuous (age,
weight) and categorical (sex, dose cohort) covariates. Covariates
were centered on their median values. A stepwise covariate
selection process was performed to build the full model. Model
building criteria were based on covariate models associated with
an increase in objection function value greater than 3.84 with
1 degree of freedom (P < 0.05) using the likelihood ratio test.
A visual predictive check with 200 replicates was performed to
assess the model performance. A total of 1000 bootstrap runs
were performed to provide estimates of the precision of parameter
estimates and the 95% confidence intervals for the pharmacoki-
netic parameters.

Individual pharmacokinetic parameters for each patient were
derived from the final population model and used to simulate
time-concentration profiles using WinNonlin® 6.2 (Pharsight
Corporation, Cary, NC). The simulated blood HCQ concentra-
tions were compared with observed concentrations to determine
the predictive performance of the model. HCQ pharmacokinetic
parameter estimates (peak blood concentration, C_ ; trough
blood concentration, C__ ; average blood concentration, Cavg;
area under the concentration-time curve, AUC) from these simu-
lations were used to explore pharmacokinetic-pharmacodynamic
relationships.

The  pharmacokinetic-pharmacodynamic  relationship
between HCQ and AV accumulation at 2 wk was investigated
by using an exploratory classification tree (Salford Predictive

Modeler Builder v6.6) to identify a threshold effect of C_on
AV accumulation in each of peripheral blood mononuclear cells
and bone marrow plasma cells. The effect of the threshold value
for C__on the change in AV from baseline to 2 wk was then
investigated using the Kruskal-Wallis test for comparing median
values and the Kolmogorov-Smirnov 2-sample test to identify
any significant shift in the distribution.
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