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Introduction

Autophagy is an evolutionarily conserved degradation process 
utilized for the turnover of organelles and a subset of proteins 
with long half-lives. It also serves as an essential mechanism 
of nutrient recycling that generates basic biochemical building 
blocks and alternative sources of metabolic fuel that maintain 

cell survival during periods of cellular stress.1,2 Over the past 
decade, intensive investigation has helped to define better the role 
that autophagy plays in cancer.3 Key studies have demonstrated 
that the specific effects of autophagic degradation in malignant 
pathogenesis are clearly context-dependent. In the premalignant 
state, autophagy can prevent defective cells from proliferating 
and thus, potentially acquiring additional mutations/defects that 

*Correspondence to: Jennifer S Carew; Email: carewj@ccf.org; Devalingam Mahalingam; Email: mahalingam@uthscsa.edu
Submitted: 11/21/2013; Revised: 05/09/2014; Accepted: 05/14/2014; Published Online: 05/20/2014
http://dx.doi.org/10.4161/auto.29231

Combined autophagy and HDAC inhibition
A phase I safety, tolerability, pharmacokinetic,  

and pharmacodynamic analysis of hydroxychloroquine  
in combination with the HDAC inhibitor vorinostat  

in patients with advanced solid tumors
Devalingam Mahalingam,1,†,* Monica Mita,1,2,† John Sarantopoulos,1 Leslie Wood,1 Ravi K Amaravadi,3 Lisa E Davis,4  

Alain C Mita,1,2 Tyler J Curiel,1 Claudia M Espitia,1 Steffan T Nawrocki,1 Francis J Giles,1,5 and Jennifer S Carew1,6,*

1Cancer Therapy and Research Center at the University of Texas Health Science Center; San Antonio, TX USA; 2Cedars-Sinai Medical Center; University of California,  
Los Angeles; Los Angeles CA USA; 3Abramson Cancer Center and Department of Medicine; University of Pennsylvania; Philadelphia, PA USA; 4University of the Sciences; 

Philadelphia, PA USA; 5Robert H Lurie Comprehensive Cancer Center; Northwestern University; Chicago, IL USA; 6Taussig Cancer Institute; Cleveland Clinic; Cleveland, OH USA 

†These authors contributed equally to this work.

Keywords: autophagy, cancer, clinical trial, hydroxychloroquine, vorinostat

Abbreviations: AE, adverse event; AUC, area under the observed plasma concentration-time curve; AV, autophagic vacuoles; 
CQ, chloroquine; CRC, colorectal cancer; DLT, dose-limiting toxicity; HCQ, hydroxychloroquine; HDAC, histone deacetylase; 

IHC, immunohistochemistry; MTD, maximum tolerated dose; NSCLC, non-small cell lung cancer; PBMC, peripheral blood 
mononuclear cells; PD, pharmacodynamics; PK, pharmacokinetics; PO, orally; PR, partial response; QD, daily; RCC, renal cell 
carcinoma; RECIST, response evaluation criteria in solid tumors; RT-PCR, real-time polymerase chain reaction; STS, soft tissue 

sarcoma; VOR, vorinostat

We previously reported that inhibition of autophagy significantly augmented the anticancer activity of the histone 
deacetylase (HDAC) inhibitor vorinostat (VOR) through a cathepsin D-mediated mechanism. We thus conducted a first-
in-human study to investigate the safety, preliminary efficacy, pharmacokinetics (PK), and pharmacodynamics (PD) of 
the combination of the autophagy inhibitor hydroxychloroquine (HCQ) and VOR in patients with advanced solid tumors. 
Of 27 patients treated in the study, 24 were considered fully evaluable for study assessments and toxicity. Patients were 
treated orally with escalating doses of HCQ daily (QD) (d 2 to 21 of a 21-d cycle) in combination with 400 mg VOR QD  
(d one to 21). Treatment-related adverse events (AE) included grade 1 to 2 nausea, diarrhea, fatigue, weight loss, anemia, 
and elevated creatinine. Grade 3 fatigue and/or myelosuppression were observed in a minority of patients. Fatigue and 
gastrointestinal AE were dose-limiting toxicities. Six-hundred milligrams HCQ and 400 mg VOR was established as the 
maximum tolerated dose and recommended phase II regimen. One patient with renal cell carcinoma had a confirmed 
durable partial response and 2 patients with colorectal cancer had prolonged stable disease. The addition of HCQ did not 
significantly impact the PK profile of VOR. Treatment-related increases in the expression of CDKN1A and CTSD were more 
pronounced in tumor biopsies than peripheral blood mononuclear cells. Based on the safety and preliminary efficacy of 
this combination, additional clinical studies are currently being planned to further investigate autophagy inhibition as a 
new approach to increase the efficacy of HDAC inhibitors.
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promote oncogenesis. In contrast, in the context of advanced 
cancer, autophagy appears to function primarily as a mechanism 
that promotes cell survival under the stressful conditions that are 
hallmarks of the tumor microenvironment including hypoxia 
and nutrient deprivation.3 In addition to endogenous stresses, 
treatment with radiation and a broad range of anticancer thera-
peutic agents with diverse mechanisms of action also induce 
autophagy.4 A large body of evidence suggests that this phe-
nomenon blunts therapeutic efficacy by increasing the survival 
capacity of malignant cells.5-7 These collective findings provide a 
strong rationale to further investigate autophagy inhibition as a 
novel strategy to augment the efficacy of cancer therapies.

Histone deacetylases (HDACs) are a family of 18 related pro-
teins that play an important role in the epigenetic regulation of 
gene expression. HDACs facilitate the removal of acetyl groups, 
which leads to transcriptional repression.8 Overexpression and/
or hyperactivation of multiple HDACs are mechanisms that pro-
mote epigenetic dysregulation in cancer cells and consequently, 
promotes malignant progression and anticancer drug resistance. 

Thus, targeting HDAC activity is an appealing therapeutic strat-
egy for many cancers. A number of different HDAC inhibitors 
have been preclinically and clinically investigated to date for 
their utility as anticancer agents. Pharmacodynamic studies have 
shown that disruption of HDAC activity induces pleiotropic 
effects in tumor cells including cell-cycle arrest, differentiation, 
decreased angiogenesis, autophagy, and apoptosis.9,10 Vorinostat 
(VOR) was the first HDAC inhibitor to receive FDA approval 
for cancer therapy. It is currently indicated for the treatment of 
cutaneous T-cell lymphoma and has also demonstrated modest 
activity in patients with advanced solid tumors.11

Numerous recent investigations have focused on identifying 
key mechanisms of resistance to HDAC inhibitors with the pri-
mary goals of better identifying patients likely to benefit from 
therapy with this class of agents and developing new strategies 
to circumvent resistance.12-14 We previously showed that HDAC 
inhibitor-induced autophagy significantly blunts its anticancer 
activity. Accordingly, genetic or pharmacological disruption of 
autophagy synergistically modulated the pro-apoptotic and cyto-
static effects of VOR in models of imatinib-resistant chronic 
myeloid leukemia and colon cancer. Therapy-induced increase 
in the levels of lysosomal protease CTSD was identified as a 
key downstream pharmacodynamic mediator of the proapop-
totic effects of the combination of vorinostat and the autophagy 
inhibitor chloroquine (CQ).15,16

CQ and hydroxychloroquine (HCQ) are FDA-approved 
drugs that have been used for the treatment of malaria, rheuma-
toid arthritis, and lupus for decades. Both CQ and HCQ inhibit 
autophagic degradation through their disruption of lysosomal 
function.5,6 Based on the clinical availability of drugs that inhibit 
autophagy and our preclinical data demonstrating that disrupt-
ing autophagy synergistically augmented the activity of VOR, 
we designed a first-in-human phase I clinical trial of HCQ in 
combination with an oral, once daily regimen of VOR in adult 
patients with advanced refractory solid malignancies. Our 
major objectives were to determine the safety of this combina-
tion, establish the maximum tolerated dose (MTD) and recom-
mended phase II dose, and evaluate its preliminary efficacy. We 
also investigated the potential impact of HCQ on the pharma-
cokinetics of VOR and assessed the pharmacodynamics of HCQ 
plus VOR in peripheral blood mononuclear cells (PBMC) and 
tumor biopsy specimens.

Results

Patients, MTD, and safety
A standard “3 + 3” phase I clinical trial design was utilized to 

assess the safety and preliminary efficacy of the combination of 
HCQ and VOR in patients with advanced and refractory solid 
tumors. We enrolled 31 patients on this study, 4 of whom failed 
screening eligibility criteria. Of the 27 patients that were treated, 
24 were evaluable for study assessments due to 3 patients hav-
ing rapid clinical deterioration related to underlying disease in 
cycle 1. The baseline characteristics of the patients enrolled in 
each individual cohort are described in Table  1. The median 

Table 1. Demographic summary and disease characteristics at baseline

Cohort

Characteristics 1 2 3 4

Sex, n (%)

Male 2 (50) 3 (75) 6 (55) 1 (12)

Female 2 (50) 1 (25) 5 (45) 7 (88)

Race, n (%)

White/Caucasian 3 (75) 3 (67) 5 (45) 4 (50)

Hispanic/Latino 1 (25) 1 (33) 6 (55) 4 (50)

Black/African 0 (0) 0 (0) 0 (0) 0 (0)

Median age, y 
(range)

66 (60–69) 63 (57–70) 61 (46–71)
68 

(58–80)

ECOG

0 0 (0) 0 (0) 2 (18) 0 (0)

1 4 (100) 4 (100) 8 (73) 7 (88)

2 0 (0) 0 (0) 1 (9) 1 (12)

Primary tumor type, n (%)

Colon-Rectal 1 (25) 2 (50) 6 (55) 3 (38)

NSCLC 1 (25) 0 (0) 0 (0) 1 (12)

Ovarian 1 (25) 0 (0) 1 (9) 1 (12)

Soft tissue sarcoma 1 (25) 1 (25) 1 (9) 0 (0)

Renal 0 (0) 1 (25) 0 (0) 0 (0)

Breast 0 (0) 0 (0) 0 (0) 1 (12)

Melanoma 0 (0) 0 (0) 1 (9) 1 (12)

Carcinoid 0 (0) 0 (0) 0 (0) 1 (12)

Bladder 0 (0) 0 (0) 1 (9) 0 (0)

Prostate 0 (0) 0 (0) 1 (9) 0 (0)

Lines of prior therapy, n (%)

1–2 0 (0) 1 (25) 5 (45) 2 (25)

3–4 0 (0) 1 (25) 5 (45) 4 (50)

≥ 4 4 (100) 2 (50) 1 (9) 2 (25)
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age of patients included in this study was 63 y (range 
57 to 80). The majority of patients had an Eastern 
Cooperative Oncology Group performance status of 
1 (n = 23) and had received 3 or more prior lines of 
therapy (n = 19). The tumor types of treated patients 
were as follows: colorectal cancer (CRC, n = 12), non-
small cell lung cancer (NSCLC, n = 2), ovarian cancer 
(n = 3), soft tissue sarcoma (STS, n = 3), renal cell car-
cinoma (RCC, n = 1), breast cancer (n = 1), melanoma 
(n = 2), carcinoid (n = 1), bladder cancer (n = 1), and 
prostate cancer (n = 1). Patients began treatment with 
VOR at a dose of 300 mg orally on cycle 1 d 1 and 
continued through d 21. VOR was administered with 
food. HCQ dosing began on cycle 1 d 2. Both drugs 
were administered in continuous 21-d cycles per proto-
col unless otherwise indicated based on tolerability or 
disease status. The starting dose for HCQ was 400 mg 
orally once daily. HCQ dose escalation proceeded as 
detailed in the table included in Figure 1A. The high-
est administered dose of HCQ was 800 mg (cohort 4).

No dose-limiting toxicity (DLT) was observed in 
any of the patients enrolled in cohorts 1 (300 mg VOR 
and 400 mg HCQ, both drugs orally daily (po qd) or 2 
(400 mg VOR and 400 mg HCQ), both drugs po qd. 
In cohort 3 (400 mg VOR po qd and 600 mg HCQ po 
qd), 1 of the 6 patients treated at this dose level expe-
rienced a DLT of grade 3 anemia and fatigue. Further 
dose escalation to cohort 4 (400 mg VOR po qd and 
800 mg HCQ po qd) resulted in DLTs in 4 of the 8 
treated patients. Grade 3 fatigue was observed in 3 of 
these patients and an additional patient without brain 
metastasis, experienced a clinically significant grade 2 
seizure on cycle 1 d 8. The fatigue experienced by these 
patients was more severe than what would be expected 
with single agent VOR treatment and was therefore 
likely related to the addition of HCQ. Following a dose 
reduction to 400 mg VOR po qd and 600 mg HCQ po 
qd (dosing utilized for cohort 3), no additional DLTs 
were observed. 400 mg VOR and 600 mg HCQ was 
therefore defined as the MTD of this combination. 
Enrollment was subsequently expanded to include a 
total of 10 patients in the MTD cohort to allow for 
further evaluation of safety as well as preliminary effi-
cacy. All observed AE are detailed in Table 2. Overall, 
treatment-related toxicities were generally mild to 
moderate: Grade 1 to 2 toxicities that were observed 
included: nausea (n = 11), diarrhea (n = 8), fatigue (n 
= 6), anorexia (n = 4), weight loss (n = 4), anemia (n = 
4), and elevated creatinine (n = 4). Grade 3 toxicities 
included fatigue (n = 3), anemia (n = 1), thrombocy-
topenia (n = 1) and neutropenia (n = 1). These findings indicate 
that administration of VOR plus HCQ at the established MTD 
is safe and generally well tolerated.

Tumor response
Although the primary objective of this phase I study was 

to evaluate safety, the preliminary antitumor activity of the 

combination of VOR and HCQ was also determined according 
to Response Evaluation Criteria for Solid Tumors (RECIST) 1.0 
criteria.17 All potential sites of tumor lesions were evaluated by 
CT and/or magnetic resonance imaging at baseline and were re-
evaluated every 6 wk (2 cycles) for as long as patients remained 
active on this study. Two patients with NSCLC and STS achieved 

Figure  1. The combination of HCQ and vorinostat (VOR) induced a dramatic 
response in a patient with renal cell carcinoma (RCC). (A) Study dosing scheme. The 
dose of HCQ and VOR for each cohort are defined. Each cohort that was evaluated is 
indicated in red font. Patients were not enrolled in cohorts 1, 2 as dose de-escalation 
was not required. Enrollment in cohort 5 was not initiated based on dose-limiting 
toxicities (DLTs) that were observed in cohort 4. The dosing utilized for cohort 3 (600 
mg HCQ + 400 mg VOR daily) was defined as the maximum tolerated dose (MTD). 
(B) Treatment with HCQ and VOR yielded a prolonged partial response in a patient 
with refractory RCC that has been durable for more than 50 cycles of therapy. MRI 
scans obtained at baseline and post cycles 10 and 50 (C10 and C50, respectively) 
are shown.
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stable disease in cohort 1. Notably, one patient in cohort 2 with 
advanced (RCC) who had failed 7 lines of prior therapy achieved 
a durable confirmed partial response (PR) that has been main-
tained for more than 50 cycles of therapy. Representative tumor 
scan images illustrating this response are shown in Figure 1B. 
Additionally, one patient each with STS and ovarian cancer, 
with a further 2 patients with KRAS-mutated CRC treated in 

cohort 3 experienced prolonged stable disease of ≥ 4 cycles 
or 12 wk in duration Table 3. No responses were observed 
in cohort 4 and the patients enrolled in this cohort expe-
rienced DLTs and were withdrawn from the study. The 
preliminary efficacy observed in this study provides a 
rationale for further investigation of the combination in 
a larger number of patients, particularly those with RCC, 
CRC, or STS.

Pharmacokinetics (PK)
The primary objective of our PK analyses was to deter-

mine if the addition of HCQ significantly affected the PK 
profile of VOR. Peripheral blood was collected on cycle  
2 d 20 to quantify the whole blood concentrations of 
HCQ. As expected, whole blood concentrations of HCQ 
were dose-dependent Figure  2A. Peripheral blood speci-
mens were also collected to analyze the serum concentra-
tions of VOR prior to dosing on cycle 1 d 1 and at 1, 2, 
4, 6, 8, 24, and 48 h following the dose of VOR and also 
obtained on cycle 2 d 20 prior to treatment and then at 
1, 2, 4, 6, 8, 24, and 48 h after dosing. Intensive sam-
pling PK analysis and noncompartmental analyses were 
conducted to quantify the potential impact of HCQ on 
the PK profile of VOR by comparing pre- and post-HCQ 
specimens collected during this study with each other 
as well as comparing data obtained during the current 
study with published data detailing the PK properties of 
VOR.18 The concentrations of VOR over time for all ana-
lyzed patients are presented in Figure 2B. The overall PK 
trends of VOR (median peak concentrations,C

max
 = 768 

µg/L pre-HCQ, 786 µg/L post-HCQ; median Vd/f = 309 L 
pre-HCQ, 304 L post-HCQ; median AUC = 3387 µg*hr/L pre-
HCQ, 2410 µg*hr/L post-HCQ; median t

1/2
 = 2.06 h pre-HCQ, 

1.3 h post-HCQ) Figure  2C, were not significantly different 
between pre- and post-HCQ specimens. Thus, HCQ does not 
appear to interfere with the PK of VOR.

Pharmacodynamics (PD)
To quantify potential biomarkers and PD endpoints that 

we identified in our preclinical studies of the combination of 
VOR plus HCQ, peripheral blood specimens were collected 
from patients on d 1, 7, and 49 of treatment.10,16 Tumor biopsies 
were also obtained from 2 patients with CRC at baseline and 
post-treatment on d 49. Quantitative RT-PCR analyses revealed 
that significant increases in the levels of the cyclin-dependent 
kinase inhibitor 1A CDKN1A from baseline, an established bio-
marker of VOR, could be detected in PBMCs from patients in 
all 4 treatment cohorts Figure 3A. The levels of the lysosomal 
protease CTSD, which we previously showed to be a key media-
tor of CQ/HCQ and HCQ plus VOR-induced apoptosis, were 
only increased in patients in cohort 4 (400 mg VOR po qd plus 
800 mg HCQ po qd). Considering that this dose level is above 
the MTD, these findings indicate that PBMC specimens may 
not be appropriate for monitoring of HCQ-driven correlative 
PD endpoints. In contrast, significant increases from baseline 
in both CDKN1A and CTSD were readily observed in tumor 
biopsy specimens obtained from 2 patients with CRC (one with 
unmutated RAS [Patient #1] and the other with mutant KRAS 

Table 2. Most common adverse events suspected to be related to vorinostat 
and/or hydroxycholoroquine treatment

NCI/CTCAE v3.0 Grade

Adverse events I II III IV Total

Nausea 6 (22.2%) 5 (18.5%) 0 (0%) 0 (0%) 11 (40.7%)

Diarrhea 7 (25.9%) 1 (3.7%) 0 (0%) 0 (0%) 8 (29.6%)

Fatigue 3 (11.1%) 3 (11.1%) 3 (11.1%) 0 (0%) 9 (33.3%)

Weight loss 1 (3.7%) 3 (11.1%) 0 (0%) 0 (0%) 4 (14.8%)

Anorexia 4 (14.8%) 0 (0%) 0 (0%) 0 (0%) 4 (14.8%)

Anemia 0 (0%) 4 (14.8%) 0 (0%) 0 (0%) 4 (14.8%)

Creatinine elevation 2 (7.4%) 2 (7.4%) 0 (0%) 0 (0%) 4 (14.8%)

AST/ALT elevation 1 (3.7%) 1 (3.7%) 0 (0%) 0 (0%) 2 (7.4%)

Dyspepsia/hiccups 2 (7.4%) 0 (0%) 0 (0%) 0 (0%) 2 (7.4%)

Dysgeusia 2 (7.4%) 0 (0%) 0 (0%) 0 (0%) 2 (7.4%)

Thrombocytopenia 0 (0%) 1 (3.7%) 1 (3.7%) 0 (0%) 2 (7.4%)

Neutropenia 1 (3.7%) 0 (0%) 1 (3.7%) 0 (0%) 2 (7.4%)

Alk. Phos elevation 1 (3.7%) 1 (3.7%) 0 (0%) 0 (0%) 2 (7.4%)

Hypertension 0 (0%) 2 (7.4%) 0 (0%) 0 (0%) 2 (7.1%)

Headache 1 (3.7%) 0 (0%) 0 (0%) 0 (0%) 1 (3.7%)

Xerostomia 1 (3.7%) 0 (0%) 0 (0%) 0 (0%) 1 (3.7%)

Cough 0 (0%) 1 (3.7%) 0 (0%) 0 (0%) 1 (3.7%)

Rash 1 (3.7%) 0 (0%) 0 (0%) 0 (0%) 1 (3.7%)

Constipation 1 (3.7%) 0 (0%) 0 (0%) 0 (0%) 1 (3.7%)

Seizure 0 (0%) 1 (3.7%) 0 (0%) 0 (0%) 1 (3.7%)

Table 3. Patients with partial response (PR) or stable disease (SD) 
for ≥ 2 cycles

Cohort Age Tumor type Cycles

1 67 Lung adenocarcinomaa 3

1 65 Leiomyosarcoma 6

1 60 Colon (RAS WT) 3

2 57 Renal cell carcinoma (clear cell)b > 50

3 59 Soft tissue pleomorphic sarcoma 4

3 63 Colon (KRAS mutated)c 6

3 57 Colon (KRAS mutated) 6

3 46 Colon (RAS WT) 4

3 59 Prostate 3

3 57 Ovarian 4

3 59 Colon (RAS WT) 4

aPatient unknown mutational status. bPatient had confirmed PR lasting for 
over 50 cycles. cPatient had SD after C6, but withdrew consent.
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[Patient #2]) treated at the MTD of VOR plus HCQ Figure 3B. 
The patient with wild-type RAS had progressive disease after 2 
cycles and the patient with the KRAS mutation had stable dis-
ease at cycle 2 and subsequently progressed after 4 cycles of 
therapy. Although the number of tumors that we were able to 
obtain for these analyses is small, our preliminary results sug-
gest that tumor specimens may be more valuable than PBMCs 
with respect to quantifying treatment-related markers associated 
with autophagy inhibition. This possibility is further supported 
by our analyses of autophagic vacuoles (AV) in PBMCs. Notably, 
the number of AVs per cell in PBMC specimens collected 
from patients treated in the MTD cohort was not significantly 
affected by treatment with VOR and HCQ at any time points. A 
very modest, but statistically insignificant rise in the number of 
AVs/cell was noted on d 7. However, by d 49 this effect was gone 
and the mean AVs/cell was actually slightly below baseline levels 
Figure 3C and D.

Based on these initial PD analyses, we focused additional 
assays on the tumor biopsy specimens collected at baseline and 
on d 49 from 2 of the patients with colorectal cancer that were 
treated on this study at the MTD. Interestingly, hematoxylin 
and eosin staining conducted to visualize tumor architecture 

indicated that the areas of tumor necrosis were more prevalent 
following treatment with VOR + HCQ as compared with base-
line in tumors from both patients Figure 4. This suggests that 
therapy-induced necrosis may contribute to the antitumor activ-
ity of HCQ plus VOR.

Immunohistochemistry (IHC) was utilized to quantify the 
levels of MKI67 (proliferation), active (cleaved) CASP3 (apop-
tosis), CDKN1A (biomarker of VOR effects), CTSD, SQSTM1, 
and MAP1LC3B (all biomarkers of HCQ effects) in tumor 
biopsies collected from both patients at baseline and post-treat-
ment on d 49 Figure 4. IHC images that were used for quanti-
fication were obtained from regions of tumor tissue that did not 
display high levels of necrotic cells in order to minimize poten-
tial complications with data interpretation. In agreement with 
our earlier preclinical studies, these analyses demonstrated sig-
nificant increases from baseline in the levels of all 4 drug-related 
biomarkers (CDKN1A, SQSTM1, MAP1LC3B, and CTSD) as 
well as a general therapy-related decrease in tumor cell prolif-
eration (MKI67) and an increase in apoptosis (active CASP3, 
Fig. 5).16 Notably, MAP1LC3B staining appeared to be largely 
punctate in nature. These results suggest that mouse xenografts 
may be useful models for the prediction and characterization of 

Figure 2. The addition of HCQ does not significantly impact the pharmacokinetic profile of VOR. (A) Quantification of whole blood concentrations of 
HCQ. HCQ concentrations were determined as described in Patients and Methods. HCQ levels for patients that received 400 mg and 600 mg HCQ are 
shown. *Indicates P < 0.05. (B) Serum concentrations of VOR. The concentrations of VOR in the serum of patients enrolled on the study were quantified as 
detailed in Patients and Methods. Plot shows the time dependence of serum VOR levels (concentration vs. time). Numbers indicate the subject number. 
Post-HCQ concentration curves are marked with a (0.1) after the patient number. (C) Comparison of VOR levels over time in specimens collected pre- and 
post-HCQ treatment. Pre-HCQ VOR concentrations are plotted on the left (n = 30), post-HCQ VOR levels are plotted on the right (n = 14). Wilcoxon Signed 
Rank testing determined that the time-dependence of VOR concentrations was not significantly affected by the addition of HCQ.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1408	A utophagy	 Volume 10 Issue 8

the PD effects of HCQ plus VOR in human tumors Figures 4 
and 5. Collectively, our PD results indicate that while PBMC 
specimens may be adequate for assessment for biomarkers of 
VOR action, they appear to be largely uninformative for moni-
toring in vivo inhibition of autophagy at the HCQ doses that 
were achieved in this study. Although not as readily obtainable, 
tumor biopsies appear to be more valuable for the assessment of 
PD effects associated with autophagy inhibition.

Discussion

Preclinical studies have demonstrated that inhibition of auto-
phagy is a novel strategy to augment the activity of numerous 

Figure 3. HCQ and VOR stimulate the expression of CTSD and CDKN1A and the accumulation of auto-
phagic vacuoles. (A) Fold change from baseline in the levels of CTSD and CDKN1A in PBMC specimens 
in individual cohorts. PBMC specimens were collected at baseline and on C1D7. Gene expression was 
quantified by qRT-PCR and normalized to GAPDH. *Indicates a significant change from baseline, P < 0.05. 
(B) Tumor biopsies were obtained from 2 patients with colorectal cancer at baseline and on d 49 (Patient 
#1 = unmutated RAS, Patient #2 = mutant KRAS). The fold change from baseline in the levels of CTSD and 
CDKN1A expression in tumor specimens was quantified by qRT-PCR and normalized to GAPDH. *Indicates 
a significant change from baseline, P < 0.05. (C and D) Effects of treatment on autophagic vacuoles. PBMC 
specimens were collected from patients at baseline and post-treatment on d 7 and 49. Transmission elec-
tron microscopy was utilized to visualize and quantify autophagic vacuoles in PBMCs. The average num-
ber of autophagic vacuoles per cell for patients enrolled in the MTD cohort (cohort 3) is shown in (C). 
Representative images for one patient’s specimens collected at baseline, d 7 and d 49 are shown in (D).

standards of care anticancer agents 
and to overcome drug resistance.5,6 
Since autophagy may promote sur-
vival via the recycling of cellular 
components to generate energy dur-
ing periods of treatment-induced 
stress, it is not surprising that tar-
geting autophagy could be broadly 
clinically useful. One class of anti-
cancer agents that induce autophagy 
in multiple preclinical models is 
HDAC inhibitors. We and others 
have demonstrated that inhibition 
of autophagy leads to synergistic 
enhancement of the anticancer activ-
ity of HDAC inhibitors.8,9,15,16,19-21 
These studies provided the founda-
tion for the clinical evaluation of 
the autophagy inhibitor HCQ in 
combination with VOR as a poten-
tial novel therapy for advanced solid 
tumors. We selected 400 mg daily 
dosing for VOR in this study, which 
is frequently used for VOR admin-
istration. Other schedules of VOR 
that have been evaluated clinically 
include 200 mg twice per d for con-
tinuous daily dosing and 300 mg 
twice per d for 3 consecutive d per 
wk dosing if used as a single agent.22

We established 600 mg HCQ 
po qd with 400 mg VOR po qd as 
the MTD and recommended phase 
II dose of this combination. Dose-
limiting fatigue and gastrointestinal 
side effects were the most frequently 
observed AE in this study. Similar 
gastrointestinal AE were observed 
when HCQ was combined with 
temozolomide (Rosenfeld et  al., 
this issue23), bortezomib (Vogl 
et al., this issue24), and temsirolimus 

(Rangwala et al., this issue25). However, the severe fatigue that 
we observed with HCQ and VOR in this study did not occur 
in the aforementioned studies of other HCQ combinations. No 
significant toxicities were observed at the recommended phase 
II dose. Patients with NSCLC, STS, and CRC achieved stable 
disease in this study. In addition, a patient with RCC displayed 
a partial response and continues to be on study beyond 50 cycles 
of treatment. This is a promising result given that this patient 
had progressed following 7 lines of prior therapy. We are cur-
rently conducting an expansion study to further evaluate the 
safety and efficacy of this combination in additional patients 
with RCC and CRC.

Twelve treatment-refractory CRC patients were treated in 
this study of which 2 achieved stable disease. Interestingly, both 
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of these patients had tumors with activating mutations in 
KRAS. This observation may be significant given that it has 
been previously reported in preclinical studies that muta-
tions in RAS confer higher levels of basal autophagy.26 Based 
on these findings, it has been suggested that cancers with 
RAS mutations may be “addicted” to autophagy and thus 
may be hypersensitive to autophagy inhibition. The enroll-
ment of additional patients in our ongoing expansion study 
will allow us to further investigate this possibility.

PK analyses were performed to evaluate the potential 
effects of HCQ on the serum concentrations of VOR. As 
expected, no significant difference was observed in the PK 
parameters of VOR between pre- and post-HCQ treated 
patients. Considering that no drug-drug interaction between 
HCQ and VOR was apparent in this study, we conclude that 

Figure 4. HCQ and VOR trigger intratumoral increases in the levels 
of CDKN1A, CTSD, and LC3-II. Effects of treatment on the expres-
sion of key biomarkers of HCQ and VOR in tumor specimens. Tumor 
biopsies were collected at baseline and post-treatment on d 49 
from 2 patients with colorectal cancer (Patient #1 = unmutated 
RAS, Patient #2 = mutant KRAS). Immunohistochemistry was uti-
lized to assess the levels of CDKN1A, CTSD, and LC3-II as described 
in Patients and Methods. Hematoxylin and eosin staining was con-
ducted to visualize tumor architecture.

Figure 5. Quantification of the effects of treatment with HCQ and VOR on the expression of CDKN1A (A), CTSD (B), MAP1LC3B (C), SQSTM1 (D), MKI67 (E), 
and active CASP3 (F). *Indicates a significant change from baseline, P < 0.05.
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the increased rate of grade 3 fatigue that we observed with this 
combination likely stems from the addition of HCQ rather than 
increased exposure to VOR.

We next evaluated the effects of HCQ plus VOR treatment 
on PD markers that we previously observed to be significantly 
induced in our preclinical studies focused on this combination. 
Induction of CDKN1A is commonly used as a marker of HDAC 
inhibition and was dramatically induced in preclinical models 
following exposure to VOR plus HCQ. Additionally, induction 
of the lysosomal protease CTSD was also established as a key 
downstream regulator of HCQ and VOR plus HCQ-triggered 
apoptosis in our preclinical investigations.15,16 We measured the 
expression of both of these factors using qRT-PCR in PBMC and 
tumor biopsy samples collected at baseline and following treat-
ment with VOR plus HCQ. Consistent with prior preclinical 
findings, an increase in CDKN1A was observed following treat-
ment with HCQ plus VOR in both PBMC specimens from all 4 
treatment cohorts and tumor biopsy samples. CTSD levels were 
only elevated in PBMCs following treatment in cohort 4, which 
was established to be above the MTD and not recommended 
for further evaluation. Notably, significant therapy-associated 
induction of both of these genes was more pronounced in tumor 
biopsies than in PBMCs. Consistent with this finding, we did 
not observe a significant increase in AVs in PBMCs following 
VOR 400 mg po qd plus HCQ 600 mg po qd treatment. This is 
in contrast to a modest but significant increase in AV observed 
in PBMC in patients with glioma treated with temozolomide, 
whole brain radiation, and HCQ (Rosenfeld et al., this issue23), 
suggesting that either the anticancer backbone may be important 
to elicit a significant signal in the PBMC-based EM assay or the 
sample size for the VOR and HCQ study was not powered to 
detect a significant therapy-associated increase in AV in PBMC. 
Collectively, these results suggest that PBMCs may not be ideal 
for the evaluation of biomarkers associated with autophagy 
inhibition and that future clinical trials focused on autophagy 
inhibitor-based therapeutic combinations should consider utiliz-
ing tumor specimens for correlative analysis of PD endpoints. 
To further explore this possibility, we conducted IHC analy-
ses of paired pre- and post-treatment tumor specimens from 2 
patients with CRC that were treated at the MTD. Our results 
demonstrated significant intratumoral increases in CDKN1A, 
SQSTM1, CTSD, and MAP1LC3B levels after drug treatment. 
Interestingly, tumor specimens displayed significant levels of 
basal MAP1LC3B expression, suggesting that these tumors may 
have constitutively active autophagy. Our findings are in agree-
ment with a recent study that reported high basal MAP1LC3B 
expression in various advanced solid tumors.27

At this time, CQ and its analog HCQ are the only clinically 
relevant autophagy inhibitors and they are currently being eval-
uated in more than 20 clinical trials for cancer therapy.6 Our 
study provides one of the first reports of the clinical safety and 
preliminary efficacy of the inhibition of autophagy as a novel 
approach to augment the efficacy of conventional antican-
cer agents. Notably, our study demonstrates that the addition 
of HCQ to VOR is well tolerated and may be given safely to 
patients with advanced solid tumors. Our preliminary efficacy 

analyses also suggest that HCQ may augment the clinical activ-
ity of VOR. We are currently expanding our study to enroll 
additional patients with CRC and RCC to further evaluate the 
combination of HCQ and VOR in these tumor types.

While our study demonstrates that HCQ displays promising 
preliminary efficacy in combination with VOR, 2 major ques-
tions remain unanswered. First, it remains unclear how effective 
achievable doses of HCQ are at inhibiting autophagy in human 
tumors and whether this degree of autophagy inhibition is suf-
ficient to significantly increase the efficacy of VOR and other 
anticancer agents that induce autophagy. It is also uncertain at 
this time whether the degree of therapy-induced autophagy dis-
ruption is directly linked to clinical sensitivity to HCQ-based 
regimens. Additional standardization of data interpretation and 
appropriate internal controls need to be established. For exam-
ple, the best assay to quantify these effects in primary pre- and 
post-tumor biopsies and criteria for determining quantitatively 
what represents effective vs. ineffective autophagy inhibition 
need to be established. In addition to studies focused on address-
ing the aforementioned issues, major efforts are currently being 
invested in the identification and development of novel, more 
potent autophagy inhibitors. Lucanthone and Lys05 are 2 newly 
discovered autophagy inhibitors that have superior efficacy com-
pared with HCQ and CQ in preclinical studies.21,28 It will be 
interesting to determine if these agents exhibit greater efficacy 
than HCQ in future clinical trials.

A second important unanswered question is related to the 
identification of patients that are most likely to benefit from 
therapy with autophagy inhibitors. In the current study, we 
observed a dramatic and durable response in a patient with 
RCC, stable disease in a few others, but the majority of the 
patients enrolled did not receive a significant benefit from treat-
ment with VOR plus HCQ. Establishing a predictive biomarker 
associated with clinical sensitivity to autophagy inhibitors is 
essential for the optimal development of this class of drugs for 
cancer therapy. Preliminary data suggest that RAS mutations 
may potentially be a candidate, but other factors may also be 
critically important. Additional studies of a much larger num-
ber of patients treated on HCQ-based clinical trials may help 
to address this very important issue. Collectively, our findings 
demonstrate that inhibition of autophagy with HCQ is a novel 
and safe strategy that may augment the efficacy of VOR. Further 
investigation is warranted to more rigorously evaluate this pos-
sibility. The results of our study combined with those of our col-
leagues (Rosenfeld et al., this issue23; Vogl et al., this issue24; and 
Rangwala et al., this issue25,29) suggest that autophagy inhibition 
is a novel anticancer strategy with broad potential applications.

Patients and Methods

Patient population
Adult patients with histologically or cytologically confirmed 

advanced solid tumors that progressed despite standard therapy 
or for whom no standard therapy was available were eligible. 
Other key inclusion criteria were measurable or evaluable disease 
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defined by RECIST 1.0.17 Eastern Cooperative Oncology Group 
performance status ≤ 2; adequate bone marrow, liver, and kidney 
function (i.e., absolute neutrophil count ≥ 1000/mm3, platelets 
≥ 75,000/mm3); creatinine ≤ 2 times the upper limits of normal; 
total bilirubin ≤ 1.5 mg/dL; alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) ≤ 3 times above the upper 
limits of the institutional norm alanine aminotransferase (aspar-
tate aminotransferase can be < 5 times upper limits of normal if 
patients have hepatic involvement). Patients were excluded from 
participating if they had one or more of the following condi-
tions: previously documented macular degeneration or diabetic 
retinopathy, uncontrolled brain metastases, QTc > 500 ms at 
baseline, clinically significant symptomatic hypercalcemia, or 
gastrointestinal dysfunction that might impair oral absorption 
of study medications. Patients with active, clinically significant 
and/or uncontrolled medical conditions were also excluded, 
including patients with uncontrolled psoriasis.

Protection of human research subjects
All patients provided written informed consent before 

enrollment. This study followed the ethical principles of the 
Declaration of Helsinki, the International Conference on 
Harmonization Guidelines for Good Clinical Practice, and local 
regulations (European Directive 2001/20/EC and US Code of 
Federal Regulations Title 21). The original protocol and all sub-
sequent amendments were approved by the Institutional Review 
Board at the University of Texas Health Science Center at San 
Antonio.

Study design and HCQ dose escalation
This open label phase I single institution study of daily 

oral HCQ in combination with daily oral vorinostat (VOR) in 
patients with advanced solid tumors utilized a 3 + 3 dose escala-
tion design.30 VOR was administered with food as single agent 
on d 1 at the recommended FDA approved dose of 400 mg and 
continued daily through d 21. Oral HCQ treatment was initi-
ated on d 2 with a starting phase I dose of 400 mg per d. Both 
drugs were continued daily thereafter. Three wk of treatment 
(21 d) was defined as one cycle of therapy. Cycles were repeated 
without interruption if the drug tolerance was acceptable. If tox-
icity occurred, treatment holidays were allowed at the discretion 
of the principal investigator. Three patients were treated at the 
starting dose and the dose was escalated in a stepwise fashion 
with expansion to a total of 6 patients if a dose-limiting toxic-
ity (DLT) occurred in one or more patients. Prior to initiating 
accrual to the next dose level, all patients in a given cohort were 
required to complete the first 3 wk of treatment to permit toxici-
ties to be assessed.

Evaluation of toxicities and determination of the maximum 
tolerated dose

The target DLT rate was ≤ 33%. The MTD was defined as 
the dose producing a DLT for 2 out of 6 patients; or a dose level 
below the dose which produced a DLT in ≥ 2 out of 6 patients. 
No intra-patient dose escalation occurred. Patients were evalu-
able for their cohort if they completed 80% of their expected 
dose of HCQ for the 3 wk of combined treatment. Patients 
who experienced a DLT were evaluable for their cohort after at 
least one dose of HCQ. A DLT was defined as a toxicity of the 

following nature that occurred during the first 6 wk (2 cycles) 
of treatment: 1) any nonhematologic adverse event (AE) of 
grade 3 or higher that was clinically significant and at least pos-
sibly treatment-related with the exception of nausea and vom-
iting, which were not treated with optimal antiemetic therapy; 
2) a hematologic toxicity if any of the following occurred dur-
ing the first 2 cycles of treatment: A) Grade 4 neutropenia that 
lasted more than 7 d, B) febrile neutropenia (grade 3 or 4) and 
C) platelet count (grade 4) less than 25,000/mm3. Any AE of  
≥ grade 3 and attributed as possibly, probably or definitely 
related to HCQ and/or Vorinostat will result in the dose being 
held until the AE has resolved to ≤ grade 1 or baseline. If the AE 
resolves, reinstitution of treatment can occur per protocol out-
lined reduction (Table S1).

Safety and efficacy evaluations
Safety was assessed according to CTCAE version 3.0 guide-

lines.31 Assessments included regular laboratory evaluations, 
physical examinations, vital signs, weight, and periodic elec-
trocardiogram recordings. All patients were monitored for 
safety from the first dose until 28 d following the final dose. 
Additional monitoring included baseline ophthalmologic evalu-
ation that was repeated if any visual disturbances occurred while 
a patient was on study. All potential sites of tumor lesions were 
evaluated by CT and/or magnetic resonance imaging at baseline 
and every 6 wk (2 cycles). Antitumor activity was determined 
according to RECIST 1.0.17

Chemicals and reagents
Solvents and formic acid were LC-MS grade and purchased 

from Fluka Analytical (LC-MS CHROMASOLV®, 34688). 
Human serum and anticoagulated (lithium heparin) whole blood 
(single male donors) for standard curves and quality control 
samples were purchased from Biological Specialty Corporation 
(115-00). HCQ, VOR, VOR glucuronide, 4-anilino-4-oxobu-
tanoic acid, deuterium-labeled (d5) internal standards for VOR 
and VOR glucuronide, and deuterium-labeled (d4) hydroxy-
chloroquine were purchased from Toronto Research Chemicals 
(H916900, S688700, S688710, and A663950). The deuterium 
labeled (d5) internal standard for 4-anilino-4-oxobutanoic acid 
was generously provided by Merck Research Laboratories.

Determination of HCQ whole blood concentrations
Whole blood samples for HCQ analysis were collected in 

heparinized tubes prior to dosing on cycle 2 d 20, then trans-
ferred to a cryotube and frozen at −70 °C. For analysis, samples 
were thawed on ice and aliquots of 100 µL were mixed with 10 
µL of internal standard (IS) (d4-HCQ), vortexed vigorously 
for 5 min with 400 µL of 90:10 acetonitrile/methanol, and 
then centrifuged at 4 °C for 15 min at 14,000 × g. A 350-µL 
aliquot of the supernatant fraction was withdrawn and dried 
under nitrogen gas. The samples were reconstituted with 100 
µL of mobile phase (90:10:0.1% acetonitrile/water/formic acid), 
transferred to autosampler vials on a cooled autosampler (Agilent 
Technologies, Santa Clara, CA) (4 °C), and 10 µL of each speci-
men was injected onto the LC-MS/MS system. A 1200 Series 
Agilent HPLC system (Agilent Technologies, Santa Clara, CA) 
was used with an API 4000™ mass spectrometer (AB SCIEX, 
Concord, ON, Canada and electrospray interface operated in 
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positive mode with multiple reaction monitoring detection. 
Samples were injected onto a Kinetex 50 mm × 3.0 mm, 2.6 um 
C18 100A HPLC column with SecurityGuard (Phenomenex, 
008-4462-AN) and eluted with a gradient mobile phase of 0.1% 
formic acid in acetonitrile and water at 500 uL/min. The column 
was maintained at 40 °C using a thermostat column compart-
ment. The capillary voltage was 4000 V with a source tempera-
ture of 500 °C. Mass spectrometer parameters were adjusted to 
maximize 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 quadropole 3. The HPLC system 
and mass spectrometer were controlled by AB SCIEX Analyst® 
software (version 1.6.1) and data collection and analyses were 
conducted with the same software. Standard curves were con-
structed by plotting the analyte to IS ratio vs. the known con-
centration 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 correlation coefficients ranging 
from 0.9990 to 0.9999. The lower limit of quantitation was 1.0 
ng/mL. The correlation coefficients 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%.

Determination of VOR serum concentrations
Peripheral blood samples were collected prior to dosing on 

cycle 1 d 1 and at 1, 2, 4, 6, 8, 24, and 48 following the dose of 
vorinostat and also obtained on cycle 2 d 20 prior to treatment 
and then at 1, 2, 4, 6, 8, 24, and 48 h after dosing. Blood sam-
ples were allowed to clot at room temperature for approximately 
30 min and then centrifuged at 2,000 × g for 15 min at 4 °C. 
The resulting serum was transferred to a cryovial and frozen at 
−70 °C. For analysis, samples were thawed on ice and processed 
for protein precipitation and filtration using Phree Phospholipid 
Removal Plates (Phenomenex, 8B-S133-TAK). Aliquots of 200 
µL of serum were pipetted and mixed into wells containing 800 
µL of 99:1 acetonitrile/formic acid plus 10 µL of a mixture of 
deuterated internal standards to make a final concentration of 5 
ng/mL d5-VOR. The plates were vortexed for 2 min, placed on 
a 96-sample manifold, and subjected to vacuum at 5 mmHg for 
5 min to collect the filtrate. The filtrate collections were dried 
under nitrogen gas at 37 °C using a Biotage SPE Dry 96 evap-
orator. The samples were reconstituted with 100 µL of mobile 
phase (80:20:0.1% acetonitrile/water/formic acid), transferred 
to autosampler vials on a cooled autosampler (4 °C), and 10 
µL was injected onto the LC-MS/MS system as described for 
HCQ. LC-MS/MS analysis was performed using a modified 
previously described method.18 Mass spectrometer parameters 
were adjusted to maximize the intensity of the [M + H]+ ions in 
quadrupole 1 and the m/z transition ions of vorinostat (265.224 
→ 232.100) and d5-vorinostat (270.191 → 237.000) in quadro-
pole 3. Standard curves were constructed by plotting the ana-
lyte to IS ratio vs. the known concentration of vorinostat (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 curves were linear from 3 to 1000 ng/mL for 
all analytes with correlation coefficients of 0.997 for vorinostat. 
The lower limit of quantitation for each analyte was 3.0 ng/mL.

Pharmacokinetic analyses
VOR concentration vs. time data for each patient were fit 

using noncompartmental analysis using Phoenix™ WinNonlin 
6.3. Peak concentrations and time to peak concentrations were 
determined by visual inspection of the data. The terminal elimi-
nation rate constants (λz) were determined by linear regression 
analysis of the terminal log-linear part of the concentration-time 
curve. The total area under the observed plasma concentration-
time curve (AUC) and the area under the first moment curve 
values were calculated for each analyte from time zero to the last 
measured concentration, using the linear-log trapezoidal rule. 
AUC values were extrapolated from the last observed time point 
to infinity by dividing the last measured concentration by λz. 
Mean residence time was calculated from AUMC/AUC where 
AUMC represents the area under the first moment curve value. 
VOR apparent oral clearance was calculated by assessing Dose/
AUC. VOR apparent steady-state volume of distribution was 
determined from the product of apparent oral clearance and 
mean residence time. Pharmacokinetic parameters for VOR were 
compared for VOR administered alone and in combination with 
HCQ. The ratios of AUC values of VOR were calculated for 
each patient and compared for VOR administered alone and in 
combination with HCQ.

Quantitative RT-PCR analyses
Total RNA was isolated from peripheral blood mononuclear 

cells or tumor cells using the RNeasy Plus Mini Kit (Qiagen 
Inc., 74104). RNA was treated with the TURBO DNA-free™ 
Kit (Ambion Inc., AM1907). First-strand cDNA synthesis was 
performed with the high capacity cDNA Reverse Transcription 
Kit (Applied Biosystems, 4368813). CTSD and CDKN1A tran-
scripts were amplified using TaqMan® Gene expression assays as 
previously described.21 The relative expression of each gene was 
calculated with the 2-ΔΔCt method using GAPDH as a housekeep-
ing gene.32

Immunohistochemistry
Pre- and post-treatment tumor biopsies were collected from 

2 patients enrolled on this study. Tumor biopsies were fixed 
in formalin and subsequently embedded in paraffin. Paraffin-
embedded tumor sections were deparaffinized in xylene, 
exposed to a graded series of alcohol, and rehydrated in PBS (pH 
7.5). Heat-induced epitope retrieval was performed by microwav-
ing slides in a citrate buffer for 5 min. A 3% hydrogen perox-
ide solution was used to block endogenous peroxides. Following 
this, slides were incubated in a protein block solution (5% horse 
serum and 1% goat serum (Gibco, 16050 and 16210) in PBS 
(Corning Cellgro, 21-031-CV) for 20 min. Slides were exposed 
to MAP1LC3B (Abcam, AB48394), CDKN1A (Cell Signaling 
Technologies, 2947), SQSTM1 (Abcam, AB91526), MKI67 
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(Cell Signaling Technologies, 9027), active CASP3 (Cell 
Signaling Technologies, 9661) and CTSD (Abcam, AB91526) 
antibodies diluted in the protein block solution at 4 °C over-
night as previously described.16 After washing with PBS, slides 
were incubated in the appropriate secondary antibody (Jackson 
Immunoresearch, 111-035-003) for 1 h at ambient tempera-
ture. Slides were incubated with 3,3′-diaminobenzidine (Dako, 
S1967) for 10 min to visualize positive reactions. Slides were 
rinsed with water and then briefly counterstained with Gill's 
hematoxylin solution (Sigma, GHS1128). Images were captured 
under 20× magnification with an Olympus fluorescent micro-
scope equipped with a DP71 camera (Olympus, Center Valley, 
PA). MediaCybernetics Image-Pro Plus software Version 6.2.1 
was used for image acquisition. ImageJ software was used for 
quantification of CDKN1A, CTSD, and LC3-II levels by den-
sitometric analysis of 5 random fields and MKI67 and active 
CASP3 positive cells were quantified by manual counts of 5 ran-
dom fields as previously described.33

Quantification of autophagic vacuoles
Measurement of autophagic vesicle accumulation as a surro-

gate for autophagic flux was assessed in peripheral blood mono-
nuclear cells (PBMCs) and serial tumor biopsies. Venous blood 
samples were collected in 2 BD Vacutainer® CPT tubes at the 
following time points: 1) cycle 1 d 1 pre-dose; 2) cycle 1 d 7 
per dose (6 d of combined therapy); and 3) cycle 1 d 49 (48 d of 
combined therapy). Manufacturer’s instructions were followed to 
collect PBMC in 2 cell pellets. Cells obtained from PBMC pellet 
one were immediately fixed with 2% glutaraldehyde and stored 
at 4 °C until embedding. Embedding and image capture were 
performed as previously described.34 For quantification of AV 
in PBMC using electron microscopy (JEOL-1010 transmission 

electron microscope, Tokyo, Japan), high-powered micrographs 
(10,000–12,000×) of 20 to 25 mononuclear cells from mul-
tiple distinct low-powered fields in each sample were obtained. 
Autophagic vacuoles were scored by 2 independent investigators 
who were masked to treatment time points. Morphological cri-
teria for AV included 1) circularity, 2) contrast with structures 
that were white or lighter than the cytoplasm, 3) vacuoles with 
contents, 4) vacuoles > 200 nm in size and, 5) vacuoles > 200 nm 
interior to the plasma membrane. Vesicular structures with cris-
tae characteristic of mitochondria in cross section were excluded. 
The average of 2 investigators counts are presented as mean ± 
standard error of the mean.

Statistical analysis
Potential differences in vorinostat serum concentrations pre- 

and post-HCQ treatment were assessed using the Wilcoxon 
signed rank test. All pharmacodynamic data sets (baseline vs. 
post-therapy) were analyzed using the Student t test with the 
assistance of GraphPad Prism Version 6. Differences between 
parameters were considered statistically significant at P < 0.05.
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