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Macrophage Regulation of the Development of
Castration-Resistant Prostate Cancer
Haider Al-Janabi and Claire E. Lewis

Androgen deprivation therapy (ADT) is the front-line treatment
for early and metastatic prostate cancer, and the development of
tumor resistance to it has major clinical consequences. Cancer cells
start to proliferate and tumors begin to regrow, requiring the
administration of more generic anticancer treatments like surgery,
radiotherapy, and/or chemotherapy. Tumor-associated macro-
phages are known to drive tumor resistance to a number of anti-

cancer therapies. El-Kenawi and colleagues now demonstrate a
novel mechanism underpinning their ability to do so in prostate
tumors during ADT. This involves the accumulation of cholesterol
by macrophages in tumors and its transfer to cancer cells, where it
acts as a precursor for androgen biosynthesis and results in the
activation of androgen receptors.

See related article by El-Kenawi and colleagues, p. 5477

Androgens stimulate the progression of prostate cancer by activat-
ing androgen receptors (AR) in cancer cells. This discovery prompted
the development of various forms of androgen deprivation therapy
(ADT), which reduce either the production of androgens by the testes
(e.g., the GnRH inhibitor, Lupron) or AR signaling in prostate cancer
cells (e.g., the AR antagonist, enzalutamide). Although both forms of
ADT are highly effective, within 2 to 3 years, some tumors develop
resistance to ADT and become castration-resistant prostate cancers
(CRPC).

Considerable effort has focused on identifying the cellular events
leading to this form of resistance. ARs are known to be present
throughout the course of the disease, and dysregulated AR signaling
occurs in prostate cancer cells in CRPC. However, an important role
for macrophages in resistance to ADT is emerging. ADT is known to
cause major changes in the immune landscape of prostate tumors
including increased infiltration by CD4þ and CD8þ T cells as well as
tumor-associated macrophages (TAM; ref. 1). Furthermore, elevated
numbers of TAMs in ADT-treated tumors correlate with treatment
failure and recurrence (2).

In the current study, El-Kenawi and colleagues (3) use a new,
clinically relevant mouse prostate cancer model, human prostate
tumor explants, and macrophage/cancer cell cocultures to show that
macrophages can take up cholesterol in the form of low-density
lipoprotein (LDL) and shuttle it to prostate cancer cells to support
their synthesis of androgen. Macrophages were also shown to be
able to stimulate AR translocation to the nucleus in prostate cancer
cells in cocultures. Furthermore, they demonstrated that macro-
phage abundance correlated with ADT resistance in patient-derived
explants and that macrophage depletion in mice (using a CSF1
neutralizing antibody) reduced both tumor androgen levels and

various surrogates of AR activation, as well as extending survival
after ADT.

It is tempting to link these findings to a recent report showing
that the effects of ADT were improved in patients taking statins,
agents known to reduce systemic cholesterol levels (4). This would
likely decrease the availability of circulating cholesterol for uptake
by TAMs during ADT and its transfer to cancer cells. This would
then limit intratumoral androgen biosynthesis and possibly delay
the onset of CRPC.

Although the subcellular mechanism(s) mediating the transfer
of cholesterol between macrophages and cancer cells have yet to
be identified, the authors show that it can be limited using an
agonist of an intracellular protein called liver X receptor b (LXRb).
This is one of two isoforms (a and b) of LXR, transcription factors
known to limit lipid overloading in macrophages by regulating
cholesterol metabolism and efflux pathways. The authors showed
that the potent LXRb agonist, RGX-104, reduced both LDL uptake
by macrophages and their ability to stimulate nuclear AR translo-
cation in neighboring cancer cells—an event known to occur after
androgen binding/activation of ARs. It remains to be seen whether
ADT alters the expression or function of LXRb but, if so, it could
have a major effect on the tumor microenvironment. For example, a
recent study showed that LXR-deficient macrophages are defective
in their clearance of apoptotic cancer cells in ADT-treated mouse
prostate tumors, which in turn led to increased tumor inflammation
and proliferation of cancer cells (5).

It also remains to be seen whether TAM behavior is altered
by their changes in cholesterol metabolism during ADT and/or
the associated increase in local androgen levels (as macrophages
are known to express ARs; ref. 6). Interestingly, prostate cancer
cells express increased SEMA3A during ADT, which recruits mono-
cytes into tumors and skews them toward a tumor-promoting (i.e.,
“M2-like”) phenotype capable of promoting ADT resistance.
These effects are mediated by the SEMA3A receptor, neuropilin-1
(NRP-1), on TAMs (7). As NRP-1 contributes to lipid uptake by
other cell types (8), it may also promote this during ADT. It would
be interesting to see whether cholesterol-laden TAMs during ADT
express NRP-1 and an M2-like activation state. If so, it may contri-
bute to the observation that blocking the SEMA3A/NRP1 axis
reversed ADT resistance in mice (7).

The authors concluded that the therapeutic targeting of
TAMs in prostate tumors might delay the onset of CRPC. But

Department of Oncology and Metabolism, University of Sheffield Medical
School, Sheffield, United Kingdom.

Corresponding Author: Claire E. Lewis, Department of Oncology and
Metabolism, University of Sheffield Medical School, Beech Hill Road,
Sheffield, Yorkshire S10 2RX, United Kingdom. Phone: 44-114-215-9012;
E-mail: claire.lewis@sheffield.ac.uk

Cancer Res 2021;81:5399–400

doi: 10.1158/0008-5472.CAN-21-2708

�2021 American Association for Cancer Research

AACRJournals.org | 5399

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/21/5399/3084845/5399.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-2708&domain=pdf&date_stamp=2021-10-19
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-21-2708&domain=pdf&date_stamp=2021-10-19


attempts to generally deplete macrophages in patients with
cancer have been unsuccessful in clinical trials, largely due to
severe, off-target side effects (9). A subset of TAMs has been shown
to drive resistance to chemotherapy, radiotherapy, and immuno-
therapy in other forms of cancer (10). If this also proves to be
the case for ADT resistance, then it may be possible to selectively
target this subpopulation, leaving macrophages in healthy tissues
unaffected.
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