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Chemical optogenetic modulation of inﬂammation
and immunity†
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The immune system is an essential component of host defense against pathogens and is largely mediated
by inﬂammatory molecules produced by immune cells, such as macrophages. These inﬂammatory
mediators are regulated at the transcriptional level by chromatin-modifying enzymes including histone
deacetylases (HDACs). Here we describe a strategy to regulate inﬂammation and immunity with
photocontrolled HDAC inhibitors, which can be selectively delivered to target cells by UV irradiation to
minimize oﬀ-target eﬀects. We strategically photocaged the active moiety of an HDAC inhibitor and
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showed that mild UV irradiation leads to the selective release of the inhibitor in a spatiotemporal
manner. This methodology was used to decrease the amount of pro-inﬂammatory mediators produced
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by a subpopulation of macrophages. Our approach could ultimately be used to control inﬂammation in
vivo as a therapeutic for inﬂammatory diseases, while minimizing oﬀ-target eﬀects to healthy tissues.

Introduction
Inammation is a complex biological process that evolved as
a protective response to eliminate the presence of noxious
stimuli and initiate tissue repair.1 This physiological process is
part of the host immune response, which serves as our main
defense against infection by pathogens. The mammalian
immune system is a complex network of specialized cell types
that orchestrates the immune response through the secretion of
many factors, including cytokines and chemokines.2 These
proteins can generally be thought of as pro- or anti-inammatory, and their levels in the local milieu greatly inuence the
inammatory state of the tissue.
Given the essential role of immune cells in regulating
inammation, dysregulation of immune responses can disrupt
the delicate balance of pro- and anti-inammatory signals that
are necessary to maintain tissue homeostasis.3 This imbalance
can lead to chronic inammation and many inammatory
disorders, including autoimmune diseases such as multiple
sclerosis, rheumatoid arthritis, and type 1 diabetes, as well as
allergy, cancer, and metabolic syndrome. These conditions
oen arise from an unnecessary increase in immune cell activation and inammation in the absence of tissue injury or
infection.
Macrophages are ubiquitous immune cells that play major
roles in innate immunity, the host's rst-line defense against
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infection.4 These cells act as sentinels that patrol tissues in
search of foreign microorganisms, which in turn stimulate the
macrophages to initiate innate immune responses. These
responses include activation of phagocytosis and antigen
presentation. In addition, macrophages greatly inuence
inammation through their secretion of cytokines and chemokines, which results in the activation and recruitment of
additional immune cells, including those from the adaptive
immune system. Thus, the ability to modulate the inammatory
activities of these cells in a spatiotemporal manner would
represent a powerful strategy to control unnecessary immune
responses.
Gene regulation is mediated by chromatin-modifying
enzymes, including histone acetyltransferases and histone
deacetylases (HDACs).5 These writers and erasers, respectively,
are thought to regulate gene transcription through the reversible chemical modication of histone lysine residues with posttranslational modications including acetylation. Previously,
we have shown that inhibition of HDACs modulates macrophage activity through the downregulation of pro-inammatory
mediators, including microbicidal reactive nitrogen species
(RNS) and various cytokines.6 This regulation was shown to be
at the level of gene transcription, suggesting the potential
therapeutic use of HDAC inhibitors for controlling immunity as
epigenetic modulators of gene expression.
HDAC inhibitors are currently used both preclinically and
clinically to treat many diseases, most notably neurodegenerative diseases and cancer.7 These therapeutics are typically
delivered systemically to humans or mouse models of human
disease; however, many HDAC inhibitors exhibit toxic side
eﬀects, including cardiotoxicity.8 In addition, HDAC inhibitors
have pleiotropic eﬀects and aﬀect numerous cell types, so the
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Schematic of chemical optogenetic approach for modulating
inﬂammatory state of macrophages. UV light irradiation of photocaged
histone deacetylase (HDAC) inhibitor 1 releases SAHA, which inhibits
HDAC activity and aﬀects macrophage function by reducing inﬂammation through changes in gene expression.
Fig. 1

need for technologies to selectively deliver them with precision
is in high demand.9–11 Therefore, the ability to release HDAC
inhibitors in a controlled, spatiotemporal manner would enable
the local delivery of therapeutics to tissues of interest while
minimizing oﬀ-target eﬀects.
Chemical optogenetics is an emerging paradigm involving
the use of light and small molecule probes to manipulate and
study biological processes with spatiotemporal control.12 Photocaged approaches have been used to activate immune cells
using UV light to uncage Toll-like receptor agonists.13,14 Here, we
describe a photocontrolled chemical strategy to selectively
deliver HDAC inhibitors to macrophages to downregulate local
inammation. Using this approach, the inhibitor is released in
the vicinity of or within the target cell and can subsequently
bind to HDACs within activated macrophages to decrease
inammation through changes in gene expression (Fig. 1).
Similar methods have been used previously to photocage HDAC
inhibitors;15,16 however, our approach is used to inhibit HDACs
within live cells and to modulate cellular behavior and function.
We envision that our strategy can be used for the therapeutic
treatment of many inammatory diseases, while avoiding
unwanted side eﬀects such as immunosuppression of other
tissues, which could lead to infection by opportunistic
pathogens.

Chemical Science

involved in the activation of other cell types and instruction of
adaptive immunity. These ndings are in agreement with our
previous work showing that pan-HDAC inhibition leads to
downregulation of these pro-inammatory mediators through
alterations in gene transcription.6
To control the release of SAHA in a spatiotemporal manner,
we chose to cage its activity as an HDAC inhibitor with a photoremovable protecting group. In this design, a photolabile
group is used to mask the hydroxamic acid moiety,15,16 which
tightly binds to the Zn2+ cofactor required for catalytic activity
within the HDAC active site (Fig. S2†).17 The photoremovable
protecting group 6-nitroveratryl (NV) was selected because it is
a well-characterized group that is released relatively quickly
upon irradiation with UV light wavelengths that are compatible
with biological systems.20 Compared to alternative photocages,
the NV group enables a facile, one-step synthesis to obtain the
photocaged HDAC inhibitor.15,16 Toward this goal, we have
synthesized a photo-activatable HDAC inhibitor consisting of
SAHA conjugated to NV via its hydroxamic acid (1, Fig. 1). We
prepared 1 in a one-step displacement reaction from SAHA and
6-nitroveratryl bromide (ESI Scheme 1†).
We rst assessed whether SAHA could be uncaged in vitro
upon irradiation of 1 with 365 nm UV light. This treatment
resulted in the rapid disappearance of 1 (k ¼ 3.51  104 s1;
Fig. S3†) and release of SAHA, as analyzed by reverse-phase
HPLC and mass spectrometry (Fig. 2A). The major product from
this reaction was SAHA, though minor photodecomposition
products were also observed, including the expected nitroso
aldehyde and the amide analog of SAHA, which results from
N–O bond cleavage upon UV irradiation (Fig. 2B and S4†).16,21
Importantly, the byproducts did not aﬀect the amounts of IL-6,
IL-12, and NO produced by LPS-stimulated BMDM (Fig. S4†).
Furthermore, 1 was stable to decomposition in aqueous buﬀer
at 37  C for at least 24 h (Fig. S5†).
We next veried that 1 does not inhibit HDACs until it is
irradiated with UV light to release SAHA. In these studies, we
used whole cell lysates from BMDM as a source of HDACs. We
found that samples treated with SAHA and irradiated 1 inhibited HDAC activity. Importantly, non-irradiated 1 did not inhibit
enzymatic activity (Fig. S6†).
We then determined whether photo-uncaging of 1 aﬀects the
inammatory state of macrophages aer UV irradiation. BMDM
were stimulated with LPS to activate inammatory pathways

Results and discussion
Suberoylanilide hydroxamic acid (SAHA) is a well-studied
competitive inhibitor of class I and II Zn2+-dependent HDACs
that binds within the enzyme active site.17 Importantly, SAHA is
cell-permeable and blocks the eﬀects of these enzymes at
nanomolar concentrations in vitro.18 SAHA has been shown to
have anti-inammatory eﬀects on immune cells,19 and we found
that treatment of lipopolysaccharide (LPS)-stimulated murine
bone marrow derived macrophages (BMDM) with SAHA led to
a decrease in the production of the RNS nitric oxide (NO)
(Fig. S1†), a free radical that has potent and broad microbial
killing activity. SAHA also decreased the amounts of secreted
pro-inammatory cytokines IL-6 and IL-12 (Fig. S1†), which are
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Fig. 2 Compound 1 is photo-uncaged by UV light. (A) Percent
conversion of 1 to SAHA after irradiation with 365 nm light. (B) HPLC
analyses of photo-uncaging reactions. Traces shown were monitored
by UV absorbance at 254 nm. A.U. ¼ arbitrary units.
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that lead to the production of pro-inammatory factors, followed by treatment with 1 and UV irradiation. Similar to treatment with SAHA, photo-uncaging of 1 led to a decrease in the
production of IL-6, IL-12, and NO, which was specic to exposure to UV light (Fig. 3). Importantly, treatment of cells with 1 or
UV light did not result in increased cytotoxicity, as measured by
the MTT cell viability assay (Fig. S7†). We also veried that UV
light irradiation did not aﬀect the production of these proinammatory mediators by LPS-stimulated BMDM (Fig. S8†).
Finally, to showcase the high level of spatial control aﬀorded
by our technique, we used uorescence microscopy to uncage 1
in subpopulations of BMDM and subsequently evaluate levels of
cytokine production in these cells. For these studies, we retrovirally transduced BMDM with a photoswitchable uorescent
protein, mEos3.2, to mark the irradiated cells.22 We pre-treated
BMDM with 1 overnight to pre-load the cells with the probe and
then irradiated a subpopulation of cells with UV light to selectively uncage 1 within only these cells aer removing excess uninternalized probe. Exclusive uncaging of internalized 1 is
designed to prevent oﬀ-target eﬀects on surrounding cell populations. We estimate that the eﬀective concentration of SAHA
that is released within the cells upon UV irradiation is approximately 500 pM (Fig. S9†). Next, we stimulated the BMDM with
LPS to activate the cells. Aer allowing for cytokine production
over several hours in the presence of a protein secretion
inhibitor, we performed immunouorescence staining for
intracellular IL-12. Confocal imaging revealed that within the
same dish, only the irradiated region of BMDM (exhibiting
red mEos3.2-derived uorescence) exhibited lower levels of
cytokine, similar to SAHA-treated cells, while the peripheral,

Fig. 4 Photo-uncaging of 1 is spatially selective and leads to a decrease

Fig. 3 Photo-uncaging of 1 leads to a decrease in inﬂammatory
mediator production by macrophages. Bone marrow derived macrophages (BMDM) from mice were treated with the indicated combinations of lipopolysaccharide (LPS, 100 ng mL1), SAHA (500 nM), and/
or 1 (3 mM). Cells were then irradiated with UV light (365 nm, 10 min,
white bars) or kept in the dark (black bars), and secretion of (A) IL-6 and
IL-12 and (B) NO were measured by ELISA and the Griess assay,
respectively, after 24 h. **p < 0.01, ***p < 0.001.
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in IL-12 production by a subpopulation of macrophages. BMDM
expressing mEos3.2 were pre-treated with 1 (3 mM), and the center of
the dish was irradiated with UV light (epiﬂuorescence using DAPI ﬁlter,
30 s). The BMDM were then activated with the indicated combinations
of LPS (100 ng mL1) and/or SAHA (500 nM). After 6 h, the cells were
ﬁxed, and immunoﬂuorescence labeling for IL-12 was performed.
(A) Schematic of experimental setup. (B) Maximum intensity z-projection images of cells in the periphery (top three rows, no UV) and center
(bottom three rows, UV) of the same dish, imaged by confocal
microscopy. Green indicates non-photoconverted state of mEos3.2
and red indicates photoconverted state of mEos3.2. Scale bar: 50 mm.
(C) Quantiﬁcation of data from (B), where % activated cells represents
the percentage of IL-12-positive cells. n.s. ¼ not signiﬁcant, *p < 0.05.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 21 October 2016. Downloaded on 9/29/2022 5:47:36 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Edge Article

Fig. 5 Photo-uncaging of 1 is spatially selective and leads to
a decrease in IL-12 production in only the irradiated macrophages.
BMDM were pre-treated with 1 (3 mM), and the center of the dish was
irradiated with UV light (epiﬂuorescence using DAPI ﬁlter, 30 s). The
BMDM were then activated with LPS (100 ng mL1). After 6 h, the cells
were ﬁxed, and immunoﬂuorescence labeling for IL-12 was performed, followed by imaging with confocal microscopy. Shown are
maximum intensity z-projection images of cells at the border of UV
irradiation. Dotted line indicates the border region of illumination. First
three panels represent monochrome images of non-photoconverted
mEos3.2, photoconverted mEos3.2, and IL-12, respectively. Far right
panel represents merged image of photoconverted mEos3.2 (red) and
IL-12 (cyan). Scale bar: 50 mm.

non-irradiated cells (exhibiting only green mEos3.2-derived
uorescence) were more activated, producing similar levels of
IL-12 to LPS-activated BMDM (Fig. 4). The striking spatial
resolution of this approach can be appreciated by examining
adjacent irradiated and non-irradiated cell populations (Fig. 5,
dotted line denotes the border region of illumination).

Conclusions
We have developed a strategy for modulating inammation and
immunity in a spatiotemporal manner using a photo-activatable
HDAC inhibitor. Given that inammation is linked to many
disorders, including autoimmune diseases and cancer, this
approach has promise for the selective delivery of therapeutics to
limit oﬀ-target eﬀects.23 HDAC inhibitors such as SAHA are
already FDA-approved for the clinical treatment of cutaneous T
cell lymphoma in humans and have the potential to modulate
epigenetic processes in many diseases.8 Furthermore, HDAC
inhibitors have pleiotropic eﬀects that can act synergistically
within the target tissue, and pan-HDAC inhibitors such as SAHA
have anti-inammatory eﬀects on multiple immune cell types.24
Thus, the selective delivery of photo-activatable HDAC inhibitors
could elicit diﬀerent desirable physiological outcomes, depending on the target tissue and the disease state of the organism.
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