














7C). MCF7 and MDA-MB-468 organoid autophagic flux inhibi-
tion was sustained and enhanced by 144 hours. MDA-MB-231
organoid autophagic flux inhibition after HCQ was less
marked compared with control, which was consistent with the
2D cell culture results.
Autophagy–Dependent Tumors Take Up More HCQ

In Vivo. To assess how HCQ affects autophagy-dependent
and -independent tumors in vivo, MCF7, MDA-MB-231, or
MDA-MB-468 cells were implanted into mice, and once the
tumors were at least 100 mm3, the mice were treated with
either 60 mg/kg HCQ once or daily for 1 week to analyze
steady-state levels.

Whole-blood HCQ and DHCQ amounts were similar in both
MDA-MB-231 and MCF7 cohorts, whereas both tumor HCQ
and DHCQ amounts were higher in MDA-MB-231 compared
with MCF7 after single HCQ doses. MDA-MB-468 HCQ and
DHCQ amounts were also similar to MDA-MB-231 (Fig. 4A).
Tumor levels of HCQ and DHCQ were higher in MDA-MB-
231 and MDA-MB-468 compared with MCF7 at steady state
(Fig. 4B), indicating that more HCQ and DHCQ are distrib-
uted into autophagy-sensitive tumors. In the steady-state
cohort, whole-blood levels were similar for HCQ and DHCQ in
MDA-MB-231 and MCF7 but the MDA-MB-231 cohort had
higher tumor HCQ and DHCQ levels compared with the

Fig. 3. Cell death, cell cycle, and autophagic flux after HCQ treatment in tumor organoids. (A) Cell death via caspase 3/7 staining in the Incu-
Cyte. Green object integrated intensity was normalized to red object integrated intensity. (B) Cell death analysis by YOYO staining in the Incu-
Cyte. Green object integrated intensity was normalized to red object integrated intensity. (C) Cell cycle analysis via EdU incorporation.
(D) Autophagy inhibition assessed by monitoring LC3-mCherry-GFP–labeled cells in the IncuCyte over 6 days. N 5 3 or more biologic replicates
of three technical replicates each. Significance indicated is compared with control. *P # 0.05, **P # 0.01, ***P # 0.001, and ****P # 0.0001.
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Fig. 4. HCQ PK and PD in breast tumor–bearing mice. (A) Exposure of HCQ and DHCQ in whole blood and tumor. Solid lines represent HCQ,
and dotted lines represent DHCQ. (B) Blood and tumor HCQ and DHCQ amounts detected in steady-state–dosed mice compared with 24-hour sin-
gle-dose mice (top) and HCQ and DHCQ amounts detected in blood in single-dose 24-hour tumor-bearing mice compared with non–tumor-bearing
mice at 24 hours (bottom). Numbers listed above the bars are the mean amount of HCQ/DHCQ of the respective cohort. (C) Tumor levels of HCQ
and DHCQ at steady state. (D) DHCQ:HCQ ratios in tumors. (E) Western blot quantification of LC3-II/tubulin, LC3-II densitometry area normal-
ized by total protein, or p62 densitometry area normalized by total protein in breast tumors after 24 hours, 48 hours, or steady-state dosing of
HCQ in mice. Western blots used for protein quantification in Supplemental Fig. 5. (F) Western blot and quantification of LC3-II density normal-
ized to total protein over 72 hours or at steady state. (G) Immunofluorescent analysis of Ki67 in MDA-MB-231 and MCF7 control and steady-state
tumors. Blue 5 40,6-diamidino-2-phenylindole, and red 5 Ki67. Quantification based on six or more separate fields of view on each tumor slice.
N 5 3 mice per group. *P # 0.05, **P # 0.01, ***P # 0.001, and ****P # 0.0001.
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MCF7 cohort (Fig. 4C). When the steady-state tumor group
was compared with the 24-hour single-dose tumors in each
tumor type, HCQ and DHCQ levels were significantly higher
in tumors in the steady-state group compared with the single-
dose groups (Fig. 4C), indicating that HCQ and DHCQ move
into the tumor after 24 hours and tumor and blood saturation
is not achieved by 24 hours. Whole blood of tumor-bearing
mice treated with a single dose of HCQ for 24 hours was com-
pared with the non–tumor-bearing mice treated with HCQ for
24 hours from Fig. 1. HCQ levels from the tumor-bearing mice
fell between the 40 and 80 mg/kg non–tumor-bearing levels as
expected (Fig. 4C), and PK parameters fell within the expected
range (Table 1). DHCQ levels were not as high in whole blood
in tumor-bearing mice compared with levels that would be
predicted based on the non–tumor-bearing mice, but this could
be because of DHCQ sequestering in tumors in the tumor-
bearing mice. When analyzing DHCQ:HCQ ratios found in
steady-state treated tumors, MDA-MB-231 and MDA-MB-468
had higher ratios compared with MCF7 (Fig. 4D), indicating
that more DHCQ was formed compared with HCQ in the
autophagy-dependent tumors.
Autophagic Responses Were Not Different, but Prolif-

eration Was Less in Autophagy-Dependent Tumors In
Vivo. Pharmacodynamic response was evaluated via Western
blot analysis of LC3 and p62 in the MDA-MB-231, MCF7, and
MDA-MB-468 cohorts. There were no major differences
between control and treated mice at 24 hours, 48 hours, or
steady-state doses, although p62 levels trended higher in
treated MDA-MB-468 tumors at 24 hours (Fig. 4E;
Supplemental Fig. 5). LC3-II densitometry areas normalized to
total protein were highest at 12 hours, 24 hours, and after
steady-state dosing in MDA-MB-231 tumors, but these results
were variable depending on the mouse (Fig. 4F). Tumor cell
proliferation was measured via immunofluorescence staining of
Ki67 in the MDA-MB-231 and MCF7 control and steady-state
cohorts. MDA-MB-231 tumors had significantly less Ki67 stain-
ing after HCQ treatment, whereas there was no difference in
cell proliferation in the MCF7 tumors after HCQ treatment
(Fig. 4G). These results are consistent with the cell cycle results
in 2D culture (Fig. 2D) and tumor organoids (Fig. 3C) because
the cells that are more sensitive to autophagy inhibition
(MDA-MB-231 and MDA-MB-468) have fewer proliferative cells
at lower HCQ concentrations compared with those that are not
(MCF7). Apoptotic cell death via immunofluorescence staining
of cleaved caspase-3 was also performed, but no tumors
expressed cleaved caspase-3 (unpublished data).

Discussion
Autophagy, a lysosomal degradation process that recycles

cellular components, has been linked to enhanced cancer cell
survival and chemotherapy resistance. HCQ is repurposed as
an anticancer agent that inhibits autophagy. Although it is
currently being used in over 90 cancer clinical trials alone or
in combination treatments, pharmacodynamic responses asso-
ciated with drug dosages used clinically are unclear. Further,
preclinical studies in mice use varying doses of HCQ, but there
is no rationale behind those doses or the effect the associated
drug exposures have on autophagy inhibition in vivo.
This study showed that HCQ and its major active metabo-

lite DHCQ levels are dose-dependent in whole blood and mul-
tiple tissues in vivo (Fig. 1A; Supplemental Fig. 1). Autophagy

inhibition was achieved at all doses in the liver and gut at
multiple time points (Fig. 1C). Although some autophagy inhi-
bition was observed at various doses in multiple tissues, there
was high variability between different mice. Variability and
nonsignificant differences in autophagy inhibition are also evi-
dent in the clinic (Barnard et al., 2014; Mahalingam et al.,
2014; Wolpin et al., 2014), and the results here show that this
is difficult to control from patient to patient based on dose
alone, which suggests HCQ doses may need to be tailored
based on their individual PD response. It further implies that
autophagy inhibition may not be reliably achievable using
HCQ and that more potent autophagy inhibitors, such as
DC661, should be considered. This work clarified that 60 ± 20
mg/kg HCQ is the HED to give mice in preclinical studies and
validates the clinical relevance for studies that choose HCQ
doses within this range (Fig. 1B). Calculating the HED in this
way highlights the importance of normalizing preclinical and
clinical drug exposure because mouse model efficacy is predic-
tive of clinical response when drug concentrations in mice are
appropriately corrected for therapeutic exposure (Kerbel,
2003; Wong et al., 2012).
Mice with breast tumors treated with the HED of 60 mg/kg

HCQ had similar whole-blood HCQ and DHCQ levels but vary-
ing tumor levels with more detected in the autophagy-dependent
MDA-MB-231 and MDA-MB-468 tumors compared with autoph-
agy-independent MCF7 tumors (Maycotte et al., 2014) (Fig. 4A),
which suggests that autophagy-dependent tumors sequester
more HCQ over time. This could be because of an increase in
lysosomes in autophagy-dependent tumors compared with
autophagy-independent tumors (Collins et al., 2021). There are
important implications of this when considering dual treatment
with HCQ and other drugs, especially chemotherapies that
sequester in lysosomes. It could be advantageous to treat
patients with HCQ prior to these drugs since HCQ also seques-
ters in lysosomes and could make these drugs more potent, as
seen in a phase I clinical trial in dogs with lymphoma (Barnard
et al., 2014). Although much information exists on HCQ effects
in cancer, it is also important to consider DHCQ since it is pre-
sent at relevant concentrations and correlates to liver autophagy
inhibition (Fig. 1D; Supplemental Fig. 3). Further, data here sug-
gest that DHCQ:HCQ ratios may be predictive of patient efficacy
based on autophagy dependence of the tumor; this ratio has
been implicated in patient response to HCQ treatment in other
studies (Munster et al., 2002; Lee et al., 2016). Similar to HCQ,
DHCQ has a long half-life of approximately 160 hours in people
(Munster et al., 2002). However, DHCQ is not produced in cell
culture experiments because there are no cytochrome P450
enzymes. Since in vitro studies do not take into account DHCQ,
but it has the same action as HCQ, drug concentrations used in
vitro likely do not reflect the full efficacy HCQ and subsequent
DHCQ will have on PD, and this should be taken into consider-
ation when choosing HCQ doses in vitro. This is evidenced by
comparing HCQ exposure in vitro to in vivo exposure, wherein
20 mM HCQ dosing in cell culture correlates best with the auto-
phagy-dependent tumors, whereas there is no correlation
between MCF7 and in vitro exposure (Fig. 5). Furthermore, add-
ing in relevant DHCQ exposure means that a higher concentra-
tion of HCQ can be used in cell culture to achieve the same
exposure observed in vivo (Fig. 5). This also highlights the impor-
tance of calculating maximum achievable clinically relevant
doses for cell culture experiments.
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Autophagy inhibition measured by Western blot in vivo was
less conclusive in all tumor types, which is consistent with the
non–tumor-bearing data and autophagy inhibition measured
clinically. However, autophagy inhibition was observed in vitro
at clinically relevant concentrations. Inhibition was most
enhanced at later time points, indicating that HCQ does not
decrease autophagic flux rapidly (Figs. 2E and 3D) even though
HCQ uptake is observed at early time points in the tumors.
This is consistent with observing decreased cell growth com-
pared with control after HCQ treatment at later time points
(Fig. 2A). Furthermore, MDA-MB-231 showed high basal
autophagy even when treated with HCQ, implying that HCQ is
inhibiting autophagy but not as well as other autophagy inhibi-
tors since this assay was based on autophagy inhibition via
bafilomycin A1. Both autophagy-dependent and -independent
cell lines had significant decreases in autophagic flux, indicat-
ing autophagy is still inhibited by HCQ irrespective of autoph-
agy dependence. In contrast, one study found the basal breast
cancer line SUM190 to be the most sensitive to HCQ-induced
autophagy inhibition in vitro, but that could be because it only
analyzed short time points (Wang et al., 2019a). Overall,
autophagy inhibition was variable in vivo but observed in vitro,
suggesting that other autophagy PD measures may be neces-
sary to better understand how HCQ is causing autophagy inhi-
bition in vivo and clinically.
Although autophagy inhibition was inconsistent across tumor

types and between controlled and treated mice, cell prolifera-
tion was consistently affected in autophagy-sensitive MDA-MB-
231 and MDA-MB-468 tumors treated with HCQ but not in
autophagy-independent MCF7 tumors (Figs. 2D, 3C, and 4G),
which indicates that autophagy-dependent tumors are more
affected by single-agent HCQ. Furthermore, cell proliferation
was more affected in autophagy-dependent tumors at lower
doses of HCQ compared with MCF7 (Figs. 2D and 3C), suggest-
ing that the MCF7 tumors in vivo did not have high enough
HCQ levels to cause decreased cell proliferation that was
observed in MDA-MB-231. The ability of HCQ alone to inhibit
cell proliferation varies in tumor types (Xie et al., 2013; Arnaout
et al., 2019), suggesting that chloroquine and HCQ alone may
not provide effective antiproliferative effects in many patients
with cancer but that HCQ alone is antiproliferative if tumors
are inherently dependent on autophagy. Even though HCQ did

decrease cell proliferation in autophagy-dependent tumors,
more potent autophagy inhibitors may produce more robust
results and have less variability in achieving autophagy inhibi-
tion as a single agent compared with HCQ.
Clinically relevant HCQ concentrations were used in this

study to determine whether HCQ causes cancer cell death.
Based on in vivo and in vitro apoptosis and cell death assays,
breast cancer treated with HCQ alone at the concentrations
used here do not appear to die via caspase 3/7–dependent apo-
ptosis but do undergo some cell death in 2D and organoids (Fig.
3B; Supplemental Fig. S4A), and this cell death is enhanced in
autophagy-dependent tumors at later time points. Another
study also observed no caspase-3–dependent cell death in head
and neck squamous cell carcinoma after 20 mM HCQ alone
(Gao et al., 2018). Other studies have shown that HCQ alone
can induce caspase-3–dependent cell death in gastric (Wang
et al., 2019b) a nd bladder cancer (Lin et al., 2017) at HCQ con-
centrations of 14 and 20 mM, respectively, indicating that HCQ
alone will only induce this kind of cell death at clinically achiev-
able concentrations in certain cancer types. However, when
clinically relevant HCQ doses are combined with other treat-
ments, HCQ enhances apoptotic cell death in other cancer
types, such as head and neck squamous cell carcinoma (Gao
et al., 2018), melanoma (Xie et al., 2013), and gastric cancer
(Wang et al., 2019b), demonstrating that although low enough
doses of HCQ alone do not cause caspase 3/7–dependent apopto-
sis in certain cancer types, in combination with other therapies
it does induce caspase 3/7–dependent apoptosis. Combination
therapies were not tested in this study, but the results here
and in other studies suggest that combining HCQ with other
treatments may enhance cell death in breast cancer.
Overall, this study shows that 2D cell culture, three-

dimensional tumor organoids, and in vivo studies produce sim-
ilar results, and in vitro studies can be used as surrogates to
recapitulate in vivo tumor responses. Tumor autophagy depen-
dence is important in the evocation of cellular responses
including autophagy inhibition, cell proliferation, and cell
death. Furthermore, in certain contexts, HCQ may not be an
adequate drug as a single agent depending on the clinical
objective. DHCQ is an active metabolite whose effects need to
be considered in in vitro experiments since it is not produced
but would add to toxicity if it were present. Lastly, better

Fig. 5. HCQ PK exposure in vitro compared with in vivo at 24 and 48 hours. For the breast tumors, exposure is based on AUC of concentration
vs. time curves. The 10 and 20 mM in vitro AUC is based on the theoretical exposure cells will experience based on those doses for the given time
(e.g., 10 mM × 24 hours 5 240 hours × mM).
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biomarkers to measure autophagy inhibition clinically are nec-
essary to understand how the PD relates to the PK of autoph-
agy inhibitors.
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