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Ciliary neurotrophic factor (CNTF) is a leading therapeutic candidate
for several ocular diseases and induces optic nerve regeneration in
animal models. Paradoxically, however, although CNTF gene ther-
apy promotes extensive regeneration, recombinant CNTF (rCNTF)
has little effect. Because intraocular viral vectors induce inflamma-
tion, and because CNTF is an immune modulator, we investigated
whether CNTF gene therapy acts indirectly through other immune
mediators. The beneficial effects of CNTF gene therapy remained
unchanged after deleting CNTF receptor alpha (CNTFRα) in retinal
ganglion cells (RGCs), the projection neurons of the retina, but were
diminished by depleting neutrophils or by genetically suppressing
monocyte infiltration. CNTF gene therapy increased expression of
C-C motif chemokine ligand 5 (CCL5) in immune cells and retinal glia,
and recombinant CCL5 induced extensive axon regeneration. Con-
versely, CRISPR-mediated knockdown of the cognate receptor (CCR5)
in RGCs or treating wild-type mice with a CCR5 antagonist repressed
the effects of CNTF gene therapy. Thus, CCL5 is a previously unrec-
ognized, potent activator of optic nerve regeneration and mediates
many of the effects of CNTF gene therapy.

ciliary neurotrophic factor | retinal ganglion cells | regeneration |
neuroinflammation

Like most pathways in the mature central nervous system (CNS),
the optic nerve cannot regenerate once damaged due in part to

cell-extrinsic suppressors of axon growth (1, 2) and the low intrinsic
growth capacity of adult retinal ganglion cells (RGCs), the projec-
tion neurons of the eye (3–5). Consequently, traumatic or ischemic
optic nerve injury or degenerative diseases such as glaucoma lead to
irreversible visual losses. Experimentally, some degree of regener-
ation can be induced by intraocular inflammation or growth factors
expressed by inflammatory cells (6–10), altering the cell-intrinsic
growth potential of RGCs (3–5), enhancing physiological activity
(11, 12), chelating free zinc (13, 14), and other manipulations
(15–19). However, the extent of regeneration achieved to date re-
mains modest, underlining the need for more effective therapies.
Ciliary neurotrophic factor (CNTF) is a leading therapeutic

candidate for glaucoma and other ocular diseases (20–23). Acti-
vation of the downstream signal transduction cascade requires
CNTF to bind to CNTF receptor-α (CNTFRα) (24), which leads
to recruitment of glycoprotein 130 (gp130) and leukemia inhibi-
tory factor receptor-β (LIFRβ) to form a tripartite receptor
complex (25). CNTFRα anchors to the plasma membrane through
a glycosylphosphatidylinositol linkage (26) and can be released
and become soluble through phospholipase C-mediated cleavage
(27). CNTF has been reported to activate STAT3 phosphorylation
in retinal neurons, including RGCs, and to promote survival, but it
is unknown whether these effects are mediated by direct action of
CNTF on RGCs via CNTFRα (28). Our previous studies showed
that CNTF promotes axon outgrowth from neonate RGCs in
culture (29) but fails to do so in cultured mature RGCs (8) or
in vivo (6). Although some studies report that recombinant CNTF

(rCNTF) can promote optic nerve regeneration (20, 30, 31),
others find little or no effect unless SOCS3 (suppressor of cytokine
signaling-3), an inhibitor of the Jak-STAT pathway, is deleted in
RGCs (5, 6, 32). In contrast, multiple studies show that adeno-
associated virus (AAV)-mediated expression of CNTF in RGCs
induces strong regeneration (33–40). The basis for the discrepant
effects of rCNTF and CNTF gene therapy is unknown but is of
considerable interest in view of the many promising clinical and
preclinical outcomes obtained with CNTF to date.
Because intravitreal virus injections induce inflammation (41),

we investigated the possibility that CNTF, a known immune
modulator (42–44), might act by elevating expression of other
immune-derived factors. We report here that the beneficial effects
of CNTF gene therapy in fact require immune system activation
and elevation of C-C motif chemokine ligand 5 (CCL5). Depletion
of neutrophils, global knockout (KO) or RGC-selective deletion
of the CCL5 receptor CCR5, or a CCR5 antagonist all suppress
the effects of CNTF gene therapy, whereas recombinant CCL5
(rCCL5) promotes axon regeneration and increases RGC survival.
These studies point to CCL5 as a potent monotherapy for optic
nerve regeneration and to the possibility that other applications of
CNTF and other forms of gene therapy might similarly act indi-
rectly through other factors.

Significance

CNTF is a leading therapeutic candidate for glaucoma and other
ocular diseases and is widely used experimentally to promote
axon regeneration after optic nerve injury. Paradoxically, whereas
CNTF gene therapy is neuroprotective for retinal ganglion cells
and promotes considerable regeneration following optic nerve
injury, recombinant CNTF has little effect. We show that CNTF
gene therapy exacerbates the inflammatory reaction to virally
mediated gene therapy, leading to widespread expression of
chemokine CCL5. Blocking CCL5 signaling abrogates most neuro-
protective and axon-promoting effects of CNTF gene therapy,
whereas recombinant CCL5 largely mimics the beneficial effects of
CNTF gene therapy. Thus, this study identifies a potent, previously
unknown agent for optic nerve regeneration and raises general
questions about interpreting results of gene therapy studies.
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Results
CNTF Gene Therapy Induces Optic Nerve Regeneration. Our initial
study tested whether virally mediated CNTF delivery does in fact
produce a qualitatively different outcome from high doses of
rCNTF protein. We tested a range of rCNTF concentrations cor-
responding to those reported to be effective (5, 30), adjusting for
differences in volume between the rat and mouse eyes as needed.
Compared to bovine serum albumin (BSA)-injected controls,
rCNTF at concentrations of 0.03, 0.1, 0.3, and 0.5 μg/μL did not
improve regeneration (Fig. 1 A and C) nor RGC survival (Fig. 1 B
and D). To more closely approximate the continuous delivery of
CNTF by gene therapy, we also tested three injections of rCNTF
(2 d before, the day of, and 3 d after optic nerve injury), which again
yielded little optic nerve regeneration (SI Appendix, Fig. S1 A–D).
CNTF gene therapy was carried out using an AAV that targets
RGCs (and some amacrine cells). AAV2-CNTF increased CNTF
mRNA levels ∼30-fold above background and ∼20-fold above the
control virus 2 wk after transfection (P < 0.05: AAV2-CNTF vs.
AAV2-GFP; n = 4 retinas per group; SI Appendix, Fig. S1E). CNTF
gene therapy led to both robust axon regeneration and improved
RGC survival (P < 0.001 and P < 0.01, respectively; Fig. 1 C andD).
rCNTF has been reported to substantially elevate SOCS3 expres-
sion (45) and can induce regeneration if SOCS3 is deleted in RGCs
(5). Therefore, we investigated whether CNTF gene therapy in-
duces change in SOCS3 expression in RGCs. However, no such
changes were found (Fig. 1 E and F). In sum, the above studies
confirm that CNTF gene therapy induces far greater optic nerve
regeneration than rCNTF.

CNTF Gene Therapy Does Not Require CNTFRα Expression in RGCs.
Because the effects of CNTF are mediated through a tripartite
receptor complex that includes CNTFRα, we investigated whether
the beneficial effects of CNTF gene therapy require CNTFRα to
be expressed in RGCs. Immunohistochemistry in retinal whole
mounts indicates that CNTFRα colocalizes primarily with glial
fibrillary acidic protein (GFAP), a marker for astrocytes and
Müller cells (Mander’s value [tM] = 65.9 ± 2.7%) but not with βIII
tubulin (antibody TUJ1), a marker for RGCs (Fig. 2A) (tM = 2.7 ±
0.7%; P < 0.001 for the difference in Mander’s values for CNTFRα

with GFAP vs. CNTFRα with TUJ1; Fig. 2C). Thus, in the retina,
as elsewhere in the mature CNS, CNTFRα is expressed primarily
in nonneuronal cells (46). This localization pattern does not appear
to be altered by CNTF gene therapy (Fig. 2A). Despite the absence
of protein staining in RGCs, in situ hybridization (RNA Scope)
detects measurable CNTFRa mRNA in these cells (Fig. 2 B, Top).
The accuracy of this signal was verified using an AAV2 expressing
a small hairpin RNA (shRNA) to knock down CNTFRα expres-
sion in RGCs (AAV2-anti-CNTFRa shRNA). Two weeks after
AAV2-sh-CNTFR injection, in situ hybridization revealed a near-
complete loss of CNTFRα mRNA in RGCs (P < 0.001; Fig. 2B).
CNTFRα knockdown did not diminish the effects of CNTF gene
therapy on either axon regeneration (P = 0.344; Fig. 2B) or RGC
survival (P = 0.538; Fig. 2 E–H). Thus, the effects of CNTF gene
therapy do not appear to require the expression of CNTFRα in
RGCs. Although it remains possible that RGCs might import bi-
ologically relevant levels of CNTFRα from another source, the
near absence of CNTFRα protein detected in RGCs and results
reported below (in The Effects of CNTF Gene Therapy Are
Mediated Primarily via Chemokine CCL5) argue against this
proposition (Fig. 2A).

CNTF Gene Therapy Induces Systemic Immune Changes. Because
CNTF is an immune modulator (42, 43), we next investigated
whether CNTF gene therapy alters systemic or local immune
responses. We collected immune cells from peripheral blood 2
wk after intravitreal injection of AAV2-CNTF or a control viral
vector; stained cells with a commercial mixture of fluorescent-
conjugated antibodies to CD11b, Ly6G, and Ly6C; and analyzed
monocyte-to-neutrophil ratio by flow cytometry (SI Appendix,
Fig. S2 A and B). Ly6C is a 14-kDa protein that is commonly
used to distinguish different subsets of monocytes that can play
either a beneficial or deleterious role depending on their site of
activation (47, 48). In naïve mice, the ratio of monocytes to
neutrophils, an established measure of inflammation that serves
as a potential diagnostic index for multiple diseases (49, 50), was
0.52 ± 0.08. Whereas AAV2-GFP control vector did not signif-
icantly alter this ratio (0.45 ± 0.05, P = 0.474; Fig. 3 A and B),
CNTF gene therapy increased the monocyte-to-neutrophil ratio

Fig. 1. CNTF gene therapy, but not rCNTF, induces optic nerve
regeneration. (A) Longitudinal sections through mouse optic
nerve immunostained for the anterograde tracer CTB (green)
to visualize regenerating axons 2 wk after NC with the indi-
cated treatments. The asterisk indicates the injury site. (Scale
bar, 150 μm.) (B) Whole-mounted retinas immunostained with
antibody TUJ1+ (green) to visualize βIII tubulin, a marker for
RGCs (treatments as in A). (Scale bar, 60 μm.) (C) Quantitation
of regenerating axons 0.5 mm distal to the injury site. Whereas
recombinant (rCNTF) did not promote regeneration at any
concentration (Conc), CNTF gene therapy was highly effective.
***P < 0.001 (AAV2-CNTF vs. AAV2-GFP; n = 10 nerves per
group). (D) Quantitation of cell survival. Whereas rCNTF did
not protect RGCs, CNTF gene therapy increased cell survival by
39%. **P < 0.01 (AAV2-CNTF vs. AAV2-GFP; n = 7 retinas per
group). (E and F) Expression of SOCS3. (E) Retinal cross-sections
immunostained for SOCS3 (red) in TUJ1-positive RGCs (green).
(Scale bar, 30 μm.) (F) CNTF gene therapy did not alter levels of
SOCS3 in RGCs (P = 0.561; n = 6 to 7 retinas per group). Bars
show means ± SEM. n.s., not significant.
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sixfold (P < 0.001, AAV2-CNTF vs. AAV2-GFP; Fig. 3 A and
B). In complementary experiments, we isolated cells from 100 μL
of whole blood after lysing red blood cells (RBCs), diluted these
six times in Dulbecco’s modified Eagle medium (DMEM),
seeded cells from 100 μL onto coverslips, and counted these after
staining for Gr1 and F4/80. Compared to the control group, we
found that, in conformity with our findings using flow cytometry,
CNTF gene therapy increased the number of macrophages, the
major type of circulating monocytes (Gr1lowF4/80high cells), in
peripheral blood (P < 0.01; Fig. 3 C and D) without significantly
altering the number of neutrophils (Gr1highF4/80negative cells: P =
0.622; Fig. 3 C and E). CNTF gene therapy also enhanced the
infiltration of both GR1-positive neutrophils and F4/80-positive
macrophages into the retina, particularly in the optic nerve head
(Fig. 3F). Thus, CNTF gene therapy induces both systemic and
local immune responses.

The Effects of CNTF Gene Therapy Require Neutrophil Activation. We
next investigated whether inflammation plays a role in the ben-
eficial effects of CNTF gene therapy using mice lacking CCR2, a
chemokine receptor that mediates monocyte recruitment and
migration (51, 52). Following intraocular injection of AAV2-
CNTF and nerve crush (NC), mice lacking CCR2 showed a 48%
reduction in optic nerve regeneration (P < 0.001; Fig. 3 G and I)
and an 18% decrease in RGC survival (P < 0.01; Fig. 3 H and J)
back to baseline levels compared to heterozygous KO controls.
Neutrophils are the first responders of the inflammatory cas-

cade and modify the chemokine network while providing granule
proteins to create a milieu favoring the subsequent monocyte
influx (53–55). We therefore examined whether neutrophils
contribute to the effects of CNTF gene therapy. Neutrophils
were immune-depleted by multiple systemic injections of an
antibody against Ly6G, a neutrophil-specific surface protein (56)
(Fig. 4A). Whereas neutrophils normally comprised 15.1 ± 1.3%
of all blood cells in the control group, the percentage dropped
20-fold following immune depletion (to 0.3 ± 0.2%, P < 0.01;
Fig. 4B). Neutrophil depletion strongly suppressed the effects of
CNTF gene therapy, reducing axon regeneration by 74% (P <
0.001; Fig. 4 C and D) and RGC survival by 21% (i.e., to baseline

levels: P < 0.001; Fig. 4 E and F). Thus, the effects of CNTF gene
therapy require monocyte migration and neutrophil activation.

Regeneration Induced by CNTF Gene Therapy Involves Factors Other
than Those Involved in Zymosan-Induced Regeneration. Because
CNTF gene therapy depends upon inflammation, we tested whether
its effects involve the same proteins that mediate the effects of in-
traocular zymosan on optic nerve regeneration and RGC survival
(8, 10, 17). One of these, oncomodulin (Ocm), is an 11-kDa Ca2+-
binding protein that is highly expressed in neutrophils and that me-
diates most of the axon-promoting effects of zymosan treatment, al-
though not its neuroprotective effects (8, 10, 57). The second protein,
SDF-1, is highly expressed in macrophages and complements the
effects of Ocm by enhancing RGC survival and augmenting regen-
eration (58). Two weeks after intraocular injection of AAV2-CNTF,
mRNA levels for SDF1 and Ocm increased 2.5- and 2.2-fold, re-
spectively, in whole eye (P < 0.05 for both; SI Appendix, Fig. S3 A and
B). At the protein level, we observed SDF1 expression in both Gr1-
positive neutrophils (SI Appendix, Fig. S3C) and von Willebrand
factor-positive vascular cells (SI Appendix, Fig. S3D), whereas Ocm
was detected in Gr1-positive neutrophils (SI Appendix, Fig. S3E).
We next examined whether SDF1 and Ocm contribute to the

effects of CNTF gene therapy. As a positive control, we tested
whether AMD3100, a selective antagonist to the primary receptor for
SDF1, CXCR4 (59), combined with P1 peptide, an Ocm antagonist
(10), would diminish the proregenerative effects of zymosan. As
expected, AMD3100 and P1 combined reduced zymosan-induced
axon regeneration and RGC survival to near-baseline levels (P <
0.001 and P < 0.01 respectively; Fig. 5). In contrast, intraocular
injection of AMD3100 and P1 reduced the effects of CNTF gene
therapy on axon regeneration by only 19% (P < 0.05) and did not
diminish RGC survival (P = 0.441; Fig. 5). Therefore, the effects of
CNTF gene therapy primarily involve factors other than Ocm and
SDF-1.

The Effects of CNTF Gene Therapy Are Mediated Primarily via Chemokine
CCL5. Chemokine CCL5 (regulated upon activation, normal T cell
expressed and secreted [RANTES]) is an important chemotactic
agent that promotes immune cell recruitment through binding to

Fig. 2. CNTF gene therapy does not require CNTFRα expression
in RGCs. (A–D) Localization and knockdown of CNTFRα. (A) Whole-
mounted retinas immunostained for CNTFRα (red), TUJ1-positive
RGCs and fiber bundles (green) (top row), and GFAP-positive astro-
cytes (green) (lower two rows). (Scale bar, 40 μm.) (B) In situ hy-
bridization detected low levels of CNTFRα mRNA (white puncta) in
the RGCs (stained with antibody to RBPMS [red] to delineate RGC
cell bodies but not axon bundles). (Scale bar, 10 μm.) (C) Quantita-
tion of colocalization frequency. CNTFRα colocalizes with astrocytes
but not with RGCs or axon bundles. ***P < 0.001 (Mander’s value;
CNTFRα with GFAP vs. CNTFRα with TUJ1; n = 4 retinas per group).
CNTF gene therapy did not alter CNTFRα intensity or localization. (D)
Quantitation of CNTFRα mRNA in RGCs. CNTFRα mRNA was
knocked down in RGCs 2 wk after intraocular injection of AAV2
expressing an shRNA (AAV2-sh-CNTFRα). ***P < 0.001 (AAV2-sh-
CNTFRα vs. AAV2-GFP; n = 4 retinas per group). (E–H) RGC-
selective knockdown of CNTFRα does not diminish the effects of
CNTF gene therapy. (E) Regenerating axons visualized by CTB
immunostaining (green). The asterisk indicates the injury site. (Scale
bar, 150 μm.) (F) Whole-mounted retinas immunostained with an-
tibody TUJ1+ (green) to visualize βIII tubulin-positive RGCs. (Scale bar,
60 μm.) (G) Quantitation of axon regeneration 0.5 mm distal to the
injury site 2 wk after nerve injury. RGC-selective CNTFRα knockdown
did not alter the effects of CNTF gene therapy on axon regeneration
(P = 0.344; n = 7 to 8 nerves per group). (H) Quantitation of RGC
survival. CNTFRα knockdown in RGCs did not alter the neuro-
protective effects of CNTF gene therapy (P= 0.538; n= 9 retinas per
group). Bars show means ± SEM. n.s., not significant.
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one or more G protein-coupled receptors that include CCR1,
CCR3, CCR5, and/or GPR75 (60–63). Intraocular CNTF has been
reported to up-regulate multiple inflammation-associated genes in
the retina including CCL5 (64). In conformity with this result,
qRT-PCR revealed that AAV2-CNTF induced a 9.5-fold increase
in CCL5 mRNA in the retina (P < 0.05; Fig. 6A) and elevated
immunostaining for CCL5 protein in the innermost retina. Double-
immunostaining revealed that CCL5 colocalizes primarily with
GFAP (P < 0.001; Fig. 6 B and C). CNTF gene therapy increased
CCL5 and GFAP colocalization 32-fold (P < 0.001; Fig. 6 B and
C), pointing to expression in astrocytes and/or Müller cell endfeet.
Because GFAP is expressed in both types of glia, we further in-
vestigated whether CCL5 colocalizes with retinaldehyde-binding
protein (CRALBP), a marker for Müller cells. CCL5 expression
overlapped extensively with CRALBP, and this overlap increased
8.4-fold with CNTF gene therapy (P < 0.001; SI Appendix, Fig.
S4 A and B).
Based on our finding that neutrophil depletion diminishes the

effect of CNTF gene therapy on axon regeneration and RGC
survival, we examined whether the effect of CNTF gene therapy
on retinal CCL5 expression depends upon neutrophil activation.
Neutrophil depletion eliminated the effects of CNTF gene
therapy on CCL5 mRNA expression in both the retina and blood
immune cells, returning both to baseline (P < 0.01 and P < 0.05,
respectively; Fig. 6 D and E) and reducing CCL5 protein levels in
the inner retina (P < 0.05; Fig. 6 F and G).
Although CCL5 can act through multiple receptors, adult RGCs

only express CCR5 and GPR75 in multiple subtypes (16), and we
therefore focused on these two. Immunostaining revealed that
GPR75 was expressed mainly on RGC somata (SI Appendix, Fig.
S5B), whereas CCR5 was present on what appear to be cilia
extending from RGC cell bodies (Fig. 6H). The latter localization
was confirmed by double-immunostaining and confocal microscopy,
revealing a strong overlap between CCR5 and adenylyl cyclase type
3 (ACIII), a marker for primary cilia (65, 66) (Fig. 6I). CCR5 did
not appear to be expressed on the primary cilia of every RGC,

however, and was also expressed in the inner plexiform layer. Based
on data from single-cell sequencing, CCR5 is expressed in 18 RGC
subtypes in normal intact mice and becomes expressed in 16 addi-
tional subtypes after optic nerve injury (16).
Loss-of-function studies. To determine whether CCL5 contributes
to the proregenerative and neuroprotective effects of CNTF gene
therapy, we first used CCR5 KO mice to eliminate the cognate
receptor globally. Following intraocular AAV2-CNTF and NC,
CCR5 deficiency reduced optic nerve regeneration by 72% and
decreased RGC survival to baseline (24% decrease) compared to
similarly treated littermate controls (P < 0.001 and P < 0.01, re-
spectively; Fig. 7 A–D). The roles of CCL5 and CCR5 were fur-
ther tested pharmacologically using the highly selective antagonist
D-Ala-peptide T-amide (DAPTA). Daily intraperitoneal injection
of DAPTA reduced the effects of CNTF gene therapy on axon
regeneration by 75% compared with vehicle-injected controls and
reduced RGC survival to baseline (20% decrease: P < 0.001 and
P < 0.05, respectively; Fig. 7 A–D). Finally, we carried out RGC-
selective deletion of CCR5 using CRISPR-mediated gene editing.
We injected an AAV (AAV2) expressing Cas9 driven by the
RGC-selective γ-synuclein (Sncg) promoter (AAV2-Sncg-Cas9)
together with an AAV2 expressing a small guide RNA targeting
either CCR5 or GPR75 (AAV2-sgCCR5 or AAV2-sgGPR75)
into the eye 2 wk prior to CNTF vector injection. GFP and RNA-
binding protein with multiple splicing (RBPMS) immunostaining
in retinal cross-sections showed ≥95% of RGCs to be GFP-
positive 2 wk after either AAV2-Sncg-Cas9 or AAV2-sgRNA injec-
tion (SI Appendix, Fig. S1F). Following intraocular AAV2-Sncg-Cas9
combined with AAV2-sgCCR5, CCR5 immunostaining decreased
dramatically compared to mice injected with the control vector
(SI Appendix, Fig. S5A). RGC-selective CCR5 deletion de-
creased the effects of CNTF gene therapy on axon regeneration
by 64% and diminished RGC survival by 17% compared to
mice injected with AAV2-Sncg-Cas9 combined with the control
virus (P < 0.001 and P < 0.05, respectively; Fig. 7 A–D). In
contrast, deletion of GPR75, an alternative receptor for CCL5,

Fig. 3. CNTF gene therapy alters systemic and local inflam-
mation. (A) Blood-derived immune cells stained with fluorescent
antibodies to CD11b, Ly6G, and Ly6C and analyzed by flow
cytometry 2 wk after intraocular injection of AAV2-CNTF or
control vector. Monocytes (CD11b+Ly6GlowLy6Chigh+intermediate)
and neutrophils (NEUT) (CD11b+ Ly6GhighLy6Cintermediate) were
quantified as shown. (B) Quantitation of changes. CNTF gene
therapy increased the ratio of monocytes to neutrophils ap-
proximately sevenfold. ***P < 0.001 (AAV2-CNTF vs. AAV2-GFP;
n= 3 mice per group). (C–E) Immune cells stained with F4/80
(green) (macrophages), Gr1 (red), and the nuclear marker DAPI
(blue). Macrophages (Gr1lowF4/80high) (D) and neutrophils
(Gr1highF4/80negative) (E ) were counted manually. CNTF gene
therapy enhanced macrophage numbers in peripheral blood
(**P < 0.01; AAV2-CNTF vs. AAV2-GFP; n = 5 mice/group) but not
neutrophil numbers. (Scale bars: C, 5 μm; C, Insets, 50 μm.) (F)
CNTF gene therapy enhances neutrophil and macrophage infil-
tration into the retina (both green), particularly in the optic
nerve head. (Scale bar, 40 μm.) (G–J) CCR2 KO reduces the effects
of CNTF gene therapy. (G) Regenerating axons visualized by CTB
immunostaining (green). The asterisk indicates the injury site.
(Scale bar, 150 μm.) (H) Whole-mounted retinas immunostained
with antibody TUJ1+ (green) to visualize surviving RGCs 2 wk after
NC. (Scale bar, 60 μm.) (I) Quantitation of regenerating axons
0.5 mm distal to the injury site. CCR2 KO reduced the effects of
CNTF gene therapy on axon regeneration by 48%. ***P < 0.001
(KO vs. heterozygous KO controls; n = 9 to 10 nerves per group).
(J) Quantitation. CCR2 KO diminished RGC survival by 26%. **P <
0.01 (KO vs. heterozygous KO controls; n = 11 to 14 retinas per
group). Bars show means ± SEM.
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had little or no effect. Following intraocular AAV2-Sncg-Cas9
combined with AAV2-sgGPR75, GPR75 immunostaining de-
creased dramatically compared to control vector injected controls
(SI Appendix, Fig. S5B) but with no effects on axon regeneration
or RGC survival (P = 0.35 and P = 0.27, respectively; SI Appendix,
Fig. S5 C–F).
Gain-of-function. We next tested whether CCL5 can mimic the
effects of CNTF gene therapy in vivo. A single intraocular injection
of rCCL5 (0.1 μg/μL) immediately after NC strongly increased axon
regeneration and RGC survival (compared to controls injected with
similar concentrations of BSA: P < 0.001; Fig. 8 A and C). In ad-
dition, because CNTF gene therapy would be expected to induce
persistent elevation of CCL5, we examined whether multiple in-
jections of CCL5 would enhance regeneration and neuroprotection
even further. Three injections of rCCL5 (2 d before, the day of,
and 3 d after NC) doubled the level of axon regeneration in-
duced by a single injection (P < 0.05; Fig. 8 A and C). In terms of
neuroprotection, a single intraocular injection of rCCL5 (1×) en-
hanced RGC survival by 28% (P < 0.05: rCCL5 vs. BSA; Fig. 8 B
and D), whereas multiple injections of rCCL5 (3×) had no addi-
tional effects (P = 1.00: rCCL5 3× vs. rCCL5 1×; Fig. 8 B and D).
Prior studies have shown that elevation of cyclic adenosine

monophosphate (cAMP) [using a nonhydrolyzable, membrane-
permeable analog, e.g., (chlorophenylthio)adenosine–cAMP
(CPT-cAMP)] strongly increases the effects of particular trophic
factors on RGCs, in some cases, by inducing receptor translo-
cation (8, 67, 68). However, combining rCCL5 with CPT-cAMP
did not increase axon regeneration compared to rCCL5 alone (SI
Appendix, Fig. S6). Finally, we investigated whether CCL5 alters
established neuroprotective and proregenerative signaling path-
ways. A single intraocular injection of rCCL5 led to a 1.9- fold
increase in immunostaining intensity for phosphorylated ribo-
somal protein S6, a marker of mTOR pathway activation (P <
0.01; Fig. 8 E and F), and a 1.4-fold increase in phosphorylated

cAMP response element-binding protein (pCREB) (P < 0.05;
Fig. 8 G and H) in RGCs. A single injection of rCCL5 reduced
immunostaining intensity for phosphorylated extracellular signal-
regulated kinase (pERK) by 58% (P < 0.0001; Fig. 8 I and J),
and no differences were detected for phosphorylated protein
kinase B (pAKT), phosphorylated signal transducer and activator
of transcription 3 (pSTAT3), or phosphorylated cJUN (p-cJUN)
(Fig. 8K).
These studies show that CNTF gene therapy strongly elevates

expression of CCL5 in immune cells and retinal glia, that signaling
through CCR5, the cognate receptor for CCL5, is required for
most of the effects of CNTF gene therapy, and that rCCL5, par-
ticularly when provided over a 5-d period, induces robust regen-
eration. Combined with our findings that CNTF gene therapy
induces regeneration through a mechanism involving neuro-
inflammation but not via direct action on RGCs, our results point
to an indirect effect of CNTF gene therapy on RGC survival and
axon regeneration that is mediated primarily by CCL5.

Discussion
CNTF is a leading therapeutic candidate for neurodegenerative
conditions, with multiple ongoing or completed clinical trials for
safety and efficacy in glaucoma and other ocular diseases. Mul-
tiple studies have demonstrated that CNTF gene therapy induces
robust optic nerve regeneration in animal models (33–39), whereas
the efficacy of CNTF per se has been unclear. Our results show that
CNTF gene therapy improves RGC survival and promotes exten-
sive optic nerve regeneration indirectly, largely through immune
modulation and elevation of the chemokine CCL5. In loss-of-function
studies, a pharmacological inhibitor of CCR5, the cognate re-
ceptor for CCL5, or deletion of CCR5 in RGCs, strongly sup-
pressed the beneficial effects of CNTF gene therapy, whereas in
gain-of-function studies, repeated injections of rCCL5 induced
nearly as much optic nerve regeneration as CNTF gene therapy.

Fig. 4. Neutrophil depletion diminishes the effects of CNTF
gene therapy. (A and B) Systemic administration of anti-Ly6G
antibody eliminates neutrophils (NEUT) in peripheral blood.
(A) Immune cells isolated from blood; stained with fluo-
rescently conjugated antibodies to CD11b, Ly6G, and Ly6C; and
analyzed by flow cytometry 2 wk after CNTF gene therapy with
or without neutrophil depletion (systemic anti-Ly6G). (B) Quan-
titation of blood neutrophils. **P < 0.01 (anti-Ly6G vs. IgG2a;
n = 3 mice per group). (C–F) Neutrophil depletion suppresses the
effects of CNTF gene therapy on optic nerve regeneration. (C)
Regenerating axons visualized by CTB immunostaining (green).
The asterisk indicates the injury site. (Scale bar, 150 μm.) (D)
Quantitation of axon regeneration 0.5 mm past the injury site.
Neutrophil depletion reduced the effects of CNTF gene therapy
by 74%. ***P < 0.001 (IgG2a vs. anti-Ly6G; n = 4 to 10 nerves per
group). (E) Retinal whole mounts immunostained for βIII tubulin
(antibody TUJ1) (green) 2 wk after NC. (Scale bar, 60 μm.) (F)
Quantitation of RGC survival. Neutrophil depletion reduced
RGC survival by 21% (TUJ1+ cells) (green in E). ***P < 0.001
(IgG2a vs. anti-Ly6G; n = 8 to 10 retinas per group). Bars show
means ± SEM.
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In contrast to CNTF gene therapy, rCNTF at concentrations
up to three orders of magnitude above the half-maximal effective
concentration produced little effect even with repeated injec-
tions. Earlier studies reported that rCNTF substantially elevates
SOCS1 and SOCS3 mRNA and protein levels in RGCs, an effect
that is diminished by JAK inhibition or CPT-cAMP (45) and that
is absent when CNTF levels are elevated by gene therapy (69).
SOCS3 is a strongly negative regulator of optic nerve regeneration,
as demonstrated by studies showing that SOCS3 overexpression
negatively impacts regeneration induced by rCNTF in the periph-
eral nerve grafting paradigm (69). Thus, an absence of SOCS3
elevation could potentially be one factor in the greater regenera-
tion seen with CNTF gene therapy compared to rCNTF. However,
we found that the robust regeneration induced by CNTF gene
therapy was unaffected by deleting the obligatory subunit of the
CNTF receptor, CNTFR-α, in RGCs, providing further evidence
that, in our model, CNTF does not directly activate downstream
signaling pathways required for axon regeneration in RGCs. On
the other hand, ligands to related receptors (e.g., LIF, CT1, IL6)
can activate the same signaling pathways as CNTF and may con-
tribute to the considerable baseline regeneration seen in the pe-
ripheral nerve (PN) graft paradigm and to the augmented
regeneration seen after SOCS3 deletion in mice (5). Because
SOCS3 interferes with the docking of multiple SH2 domain pro-
teins to Jak proteins, SOCS3 deletion can enhance signaling not
only via STAT proteins but also via the MAPK or PI3 kinase
pathways (5), consistent with results showing that the effects of
rCNTF in the PN grafting paradigm are suppressed by blockers of
the MAPK and PI3K/Akt pathways (5). In addition, CNTF can
increase expression of related family members, e.g., LIF (45, 70)
and, as shown here, CCL5, Ocm, and SDF-1, which may contribute
to the positive effects of rCNTF reported by others. Interestingly,

although SOCS3 deletion combined with rCNTF induces extensive
optic nerve regeneration, this combination does not activate STAT
phosphorylation in RGCs (5), further supporting the possibility
that the effects of CNTF and SOCS deletion may be mediated
through a pathway other than through Jak-STAT signaling in
RGCs. Finally, intravitreally grafted neural stem cells (NSCs) ge-
netically modified to secrete CNTF and/or GDNF effectively at-
tenuate RGC loss in adult mice (71, 72), an effect that might be
augmented by other trophic factors secreted by NSCs (e.g., NGF,
BDNF) (73–75) and by factors induced by CNTF in other cells.
CNTF belongs to the interleukin 6 (IL-6) family of cytokines,

which play key roles in immune homeostasis and inflammation
(76). As a chemoattractant (42–44), continuous expression of
CNTF may amplify the inflammation induced by intravitreal vi-
rus injections (41), a hypothesis that is supported by the effects of
CNTF gene therapy seen here on both systemic and local inflam-
matory responses. CNTF gene therapy greatly increased circulating
monocytes and CCL5 expression in immune cells and retinal
Müller cells. CCL5, also referred to as RANTES, is a 68-amino
acid protein that can act through several G protein-coupled re-
ceptors (GPCRs), including CCR1, CCR3, CCR5, and GPR75, to
direct the migration and recruitment of T cells, monocytes/mac-
rophages, and eosinophils at injury sites (77–79). CCL5 and its
high-affinity receptors are constitutively expressed in the inner
retina, are differentially induced by stressors, and are associated
with retinal degenerative disease, although the relationship of this
observation to the present work is unknown (80, 81). Single-cell
sequencing studies show CCR5 to be expressed normally in 18
RGC subtypes and to be expressed in 16 additional subtypes after
optic nerve injury (including several types of intrinsically sensi-
tive, alpha, and direction-sensitive RGCs) (16). CCL5 deficiency
leads to a disorganization of RGC dendrite and amacrine cell

Fig. 5. Inhibition of Ocm and SDF1 has
minor effect on CNTF gene therapy-
induced axon regeneration. (A–D) Ef-
fects of blocking Ocm (Peptide P1) and
SDF1 (AMD3100) on axon regeneration
and RGC survival induced by zymosan
(Zymo) (upper two images in A and B;
positive control) and CNTF gene ther-
apy (lower two images in A and B). (A)
Regenerating axons visualized by CTB
immunostaining (green). The asterisk in-
dicates the injury site. (Scale bar, 150 μm.)
(B) Whole-mounted retinas immunos-
tained with antibody TUJ1+ (green) to
visualize βIII tubulin-positive RGCs. (Scale
bar, 60 μm.) (C) Quantitation of regen-
eration. Intraocular injection of AMD3100
plus P1 eliminated zymosan-induced axon
regeneration. ***P < 0.001 (zymosan +
control vs. zymosan + P1/AMD3100; n = 8
nerves per group). The same inhibitors
decreased CNTF gene therapy-induced
axon regeneration by 19%. *P < 0.05
(CNTF gene therapy + control vs. CNTF
gene therapy + P1/AMD3100; n = 8
nerves per group). (D) Quantitation of
RGC survival. Antagonists to Ocm and
SDF1 decreased RGC survival by 24%
(**P < 0.01; zymosan + control vs. zy-
mosan + P1/AMD3100; n = 8 retinas per
group) but did not alter the neuro-
protective effects of CNTF gene therapy
(P = 0.441; n = 8 retinas/group). Bars
show means ± SEM.
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morphology, suggesting that CCL5 could act as a normal modu-
lator (82) of retinal development (83). Changes in RGC dendritic
architecture have also been observed after long-term CNTF gene
therapy (84), although the relationship of this finding to CCL5 is
unknown. Although initially identified as a T cell-secreted che-
mokine, CCL5 can be expressed by multiple immune cells and glia,
including macrophages, eosinophils, microglia, and astrocytes
(85–87). Other studies suggest that multiple molecules shared
by the immune system and the CNS might play essential roles in
glia–neuron communication (88, 89).
Neutrophil depletion eliminated the effects of CNTF gene ther-

apy on CCL5 expression in circulating immune cells and, unex-
pectedly, in retinal Müller cells as well. The mechanisms that
underlie the role of inflammation in the elevation of retinal CCL5
in response to CNTF gene therapy remain to be investigated.
Another issue not studied here are possible effects of species and
strain. Mouse strains exhibit differences in their inflammatory
response to spinal cord injury (90), and genetic background in
both mice and rats can influence intrinsic immune responses in
the eye, along with RGC and photoreceptor vulnerability after
optic NC (ONC) (91–94). Further work will be needed to ex-
plore whether strain differences influence the outcome of
CNTF gene therapy, particularly regarding the role of inflam-
mation and CCL5. In any event, comparing our results with
those of our previous studies and others suggests that CCL5 may
be a more potent monotherapy for optic nerve regeneration
than the other trophic factors or chemokines studied to date,
including Ocm, CNTF, BDNF, SDF1, and IGF1 (5, 8, 10, 17,
32, 58, 95).
Although CCL5 can bind to and initiate signaling via CCR1,

CCR3, CCR5, or GPR75 (60–63), our transcriptome data from

FACS-isolated RGCs show that, among these receptors, adult
RGCs only express CCR5 and GPR75 at detectable levels. CCR5
has been studied extensively as a coreceptor for HIV and a
prominent receptor in microglia (96, 97). Our immunostaining
results verified that both CCR5 and GPR75 are expressed in
RGCs, although in different cellular compartments. Whereas
GPR75 is expressed on RGC somata, CCR5 is located on pri-
mary cilia, microtubule-based organelles that process multiple
molecular signaling cues and, in dividing cells, regulate cell cycle
(98, 99). The stabilization of primary cilia was recently shown to
rescue injured adult RGCs from apoptosis by reducing abortive
cell-cycle reentry (99).
CCR5 is an emerging therapeutic target for improving outcome

after stroke and traumatic brain injury (100). Either a CCR5 an-
tagonist (maraviroc) or mutation of CCR5 (CCR5-Δ32) improves
recovery after neurological impairments (100). In contrast, our
results show that global deletion of CCR5, or a CCR antagonist,
or RGC-selective CCR5 deletion all have deleterious effects in the
context of CNTF gene therapy-induced optic nerve regeneration.
The apparent discrepancy between the neuroreparative effects of
CCL5 signaling in our studies and the beneficial effect of blocking
CCL5 signaling after stroke remains unexplored, including the
possibility that the latter effects may rely on suppressing delete-
rious effects of microglial activation.
In conclusion, our results show that the striking effects of

CNTF gene therapy after optic nerve injury are mediated
through immune modulation and up-regulation of CCL5, a
chemokine shown here to be a potent agent for optic nerve re-
generation and RGC survival. These findings provide in-
sights for understanding the mechanisms of action of CNTF
gene therapy and guiding clinical trials. Our results also raise

Fig. 6. CNTF gene therapy increases CCL5 expres-
sion in retinal glia and immune cells. (A) CNTF gene
therapy increased CCL5 mRNA levels in the retina
9.5-fold. *P < 0.05 (AAV2-CNTF vs. AAV2-GFP; n = 4
retinas per group). (B and C) CNTF gene therapy
enhanced CCL5 expression in GFAP+ cells. (B) Reti-
nal cross-sections from mice receiving intraocular
AAV2-GFP or AAV2-CNTF stained for CCL5 (red),
glia (GFAP) (green), and nuclei (DAPI) (blue). CCL5
was elevated in the innermost retina (ganglion cell
layer [GCL]). (Scale bar, 30 μm.) (C) Quantitation of
colocalization. CNTF gene therapy increased locali-
zation of CCL5 in GFAP-positive cells 32-fold. ***P <
0.001 (AAV2-CNTF vs. AAV2-GFP; n = 4 to 5 retinas
per group). (D) Neutrophil depletion blocked the
effects of CNTF gene therapy on retinal CCL5 ex-
pression. *P < 0.05 (IgG2a: AAV2-CNTF vs. AAV2-
GFP); **P < 0.01 (AAV2-CNTF: anti-Ly6g vs. IgG2a;
n = 4 retinas per group). (E) CNTF gene therapy
elevated CCL5 mRNA 4.3-fold in circulating immune
cells. *P < 0.05 (IgG2a: AAV2-CNTF vs. AAV2-GFP;
n = 3 mice per group). Neutrophil depletion elimi-
nated the effects of CNTF gene therapy on CCL5
expression in blood-borne immune cells. *P < 0.05
(AAV2-CNTF: anti-Ly6G vs. IgG2a; n = 3 mice per
group). (F and G) Neutrophil depletion blocked the
effects of CNTF gene therapy on CCL5 expression in
the retina. (F) Retinal cross-sections from mice with
CNTF gene therapy, with or without neutrophil
depletion, stained for CCL5 (red), GFAP (green), and
nuclei (DAPI) (blue). (Scale bar, 30 μm.) (G) Quanti-
tation. Neutrophil depletion suppressed CCL5 ex-
pression in the inner retina. *P < 0.05 (AAV2-CNTF
vs. AAV2-GFP; n = 9 retinas per group). (H) Naïve
retinal whole mounts (upper set) or cross-sections (lower set) immunostained to visualize the CCL5 receptor CCR5 (red) and RGCs (anti-RBPMS) (green).
Most CCR5 immunostaining extends from RGC cell bodies. (Scale bar, 10 μm.) (I) Naïve retina cross-sections double-immunostained for CCR5 (red) and
ACIII, a marker for primary cilia (green). Arrows indicate colocalization between CCR5 and ACIII. (Scale bar, 7 μm.) Bars show means ± SEM. INL, inner
nuclear layer; IPL, inner plexiform layer.
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the possibility that other widely used gene therapies could
act in part in an indirect manner via unanticipated indirect
mechanisms.

Materials and Methods
ONC and Intraocular Injections. Experiments were performed at the Boston
Children’s Hospital with approval from the Institutional Animal Care and Use
Committee. The experiments used adult male and female 129S1 wild-type
mice, CCR2 conditional KO mice [B6.129(Cg)-Ccr2tm2.1Ifc/J; catalog no. 017586;
The Jackson Laboratory], and CCR5 conditional KO mice (101) (B6.129P2-
Ccr5tm1Kuz/J; catalog no. 005427; The Jackson Laboratory).

Surgeries for optic nerve injury and intraocular injections in mice 6 to 8 wk
of age were performed under general anesthesia as described previously (8,
10). Reagents that were injected intraocularly include recombinant rat CNTF
protein (0.03 to 0.5 μg/μL; 3 μL per eye; Alomone Labs); recombinant mouse
CCL5 (0.1 μg/μL; 3 μL per eye; ThermoFisher Scientific); zymosan (12.5 μg/μL;
sterilized before use; Sigma); recombinant rat Ocm (30 ng/μL; 3 μL per eye);
the cAMP analog CPT-cAMP (50 μM; Sigma); AMD3100, a highly specific
CXCR4 antagonist (100 μM; half-maximal inhibitory concentration [IC50] =
0.02 to 0.13 μM; Sigma); the Ocm peptide antagonist P1 (10) (2.3 μg/μL; 3 μL
per eye); AAVs expressing green fluorescent protein (AAV2-GFP), AAV2
expressing Cas9 driven by the RGC-selective promoter γ-synuclein (Sncg)
(AAV2-Sncg-Cas9), and AAV2 expressing CNTF (all from Boston Children’s
Hospital Viral Vector Core); AAV2 expressing shRNA targeting CNTF receptor-α
(AAV2-sh-CNTFRα; Vector Biolabs); AAV2 expressing a small guide RNA tar-
geting CCR5 (AAV2-sgCCR5; Vigene Biosciences); and AAV2 expressing a small
guide RNA targeting GPR75 (AAV2-sgGPR75; Vigene Biosciences). Viral vectors
were injected 2 to 4 wk before ONC, whereas other reagents were introduced
immediately after ONC or were injected repeatedly as noted, all in a volume of
3 μL. A highly specific CCR5 antagonist, DAPTA (10 μg/kg; IC50 = 0.06 nM;
Selleckchem) was injected intraperitoneally daily. Cholera subunit B fragment
(CTB) (Sigma) was injected intraocularly 2 d before mice were perfused to trace
regenerating axons.

Immunodepletion of Neutrophils, Separation and Staining of Blood Immune
Cells, and Flow Cytometry. To deplete neutrophils systemically, an anti-
mouse Ly6G IgG (BE0075-1; Bio X Cell) or isotype-matched IgG2a (BE0085;
Bio X Cell) was injected twice retroorbitally (100 μg; 3 d before and once
after ONC) and twice intraperitoneally (200 μg immediately and 7 d after
ONC) depending on experimental design using a modified protocol (56).

For separation of blood immune cells, 0.1 to 1 mL of peripheral blood was
drawn from the mouse heart and gently mixed with ethylenediaminetetra-
acetic acid (EDTA) (0.5 M; Sigma). After centrifugation (1,000 rpm; 10 min), the
pellet was mixed with RBC lysis buffer (150 mM NH4Cl, 0.1 mM Na2EDTA,

10 mM KHCO3) for 5 to 10 min at 37 °C. Blood immune cells were then washed
with phosphate-buffered saline (PBS) two times and examined by immuno-
histochemistry, FACS, or qPCR.

For flow cytometry, following RBC lysis, dissociated cells were incubated
with blocking reagent and mouse myeloid-derived suppressor cell (MDSC)
Flow Cocktail 2, composed of differentially labeled monoclonal antibodies
(mAbs) to CD11b, Ly-6C, and Ly-6G (phycoerythrin [PE]-conjugated anti-CD11b,
fluorescein isothiocyanate [FITC]-conjugated anti-Ly6G, and antigen-presenting
cell [APC]-conjugated anti-Ly6C; no. 147003; BioLegend) on ice for 30 min. After
washing with PBS three times and staining with DAPI, cells were applied to a
BD FACSAria III Flow Cytometer and sorted based on the criteria of
CD11b+Ly6GhighLy6Cintermediate (neutrophils) or CD11b+Ly6GlowLy6Chigh+intermediate

(monocytes).
To stain blood-derived immune cells, following RBC lysis, cells from 0.1 mL

of blood were suspended with 500 μL of DMEM; 100 μL of cells were seeded
onto a poly-L-lysine–coated glass coverslip for 1 h at 37 °C in a humidified
atmosphere of 5% CO2 and then fixed with 4% paraformaldehyde (PFA) for
10 min. Fixed cells were stained with anti-Gr1(MCA2387; Bio-Rad) and anti-
F4/80 (MCA497RT; Bio-Rad) antibodies. Cell numbers were counted manually
based on the criteria of Gr1highF4/80negative (neutrophils) or Ly6GlowF4/80high

(macrophages).

qRT-PCR Analysis for Retinas and Whole Eyes. Retinas or whole eyes or blood
immune cells were isolated from mice after 2 wk of AAV2-CNTF or control
vector injections. RNA was extracted with an RNeasy kit (Qiagen), and cDNA
synthesis was performed using the cDNA Synthesis kit (Bio-Rad). Real-time
PCR was carried out with iQSYBR Green Supermix Kit (Bio-Rad) and the
following primers: CNTF-forward (F): TCTGTAGCCGCTCTATCTGG; CNTF-
reverse (R): GGTACACCATCCACTGAGTCAA; CCL3-F: AGTCAGGAAAATGAC-
ACCTGGC; CCL3-R: AACATTCCTGCCACCTGCATA; CCL4-F: TTTGGTCAGGAA-
TACCACGACT; CCL4-R: GAGGAGCCACTTCAGGAGAG; CCL5-F: AGTCGATCT-
CCCACAGCCTCT; CCL5-R: CAGGGTCAGAATCAAGAAACC; CCL6-F: AAAGAT-
GATGCCCGGCTTGA; CCL6-R: TTGCTTGAGAAGGAGGGCAG; SDF1-F: ATGGAC-
GCCAAGGTCGTCGCCGT; SDF1-R: TCGGGTCAATGCACACTTGTC; Ocm-F: CCA-
AGACCCAGACACCTTTGA; Ocm-R: GGCTGGCAGACATCTTGGAG; 18S-F: CGG-
CTACCACATCCAAGGAA; and 18S-R: GCTGGAATTACCGCGGCT.

qRT-PCR results are based on at least four replicates. The relative ex-
pression in each sample was first normalized by the level of 18S RNA and
then by the value of the control group.

RNA Scope. An RNAscope probe targeting CNTFRα was synthesized by
ACD Biosystems (catalog no. 457981-C3). RNAscope was carried out with
the RNAscope Fluorescent Multiplex Reagent Kit (320293; ACD Biosystems)
according to the ACD Biosystems protocol. An ACD 3-plex negative control

Fig. 7. CCR5 is required for the major effects of CNTF gene
therapy. (A–D) CCR5 KO or the CCR5 antagonist DAPTA di-
minishes most effects of CNTF gene therapy. (A) Regenerating
axons visualized by CTB immunostaining (green). Treatments
are as indicated. The asterisk indicates the injury site. (Scale
bar, 150 μm.) (B) Whole-mounted retinas immunostained with
antibody TUJ1+ (green). (Scale bar, 60 μm.) (C and D) Quanti-
tation. (C) CCR5 KO reduced the effects of CNTF gene therapy
on axon regeneration by 72%. ***P < 0.001 (NC + CNTF gene
therapy: littermate control vs. CCR5 KO; upper pair). CCR5
antagonist DAPTA diminished the effects of CNTF gene ther-
apy by 75% in wild-type 129S1 mice. ***P < 0.001 (NC + CNTF
gene therapy: saline vs. DAPTA; middle set). CRISPR-mediated
KO of CCR5 in RGCs diminished the effects of CNTF gene
therapy on optic nerve regeneration by 64% in wild-type
129S1 mice. ***P < 0.001 (NC + CNTF gene therapy + AAV2-
Sncg-Cas9: AAV2-GFP vs. AAV2-sgCCR5; n = 8 nerves per group;
lower set). (D) RGC survival is decreased by 24% follow-
ing CCR5 KO (**P < 0.01; NC + CNTF gene therapy: litter-
mate control vs. CCR5 KO), by 20% in wild-type 129S1 mice
treated with DAPTA (*P < 0.05; NC + CNTF gene therapy:
saline vs. DAPTA), and by 17% in wild-type 129S1 mice with
CRISPR-mediated deletion of the CCR5 gene in RGCs (*P <
0.05; NC + CNTF gene therapy + AAV2-Sncg-Cas9: AAV2-
GFP vs. AAV2-sgCCR5; n = 8 retinas per group). Bars show
means ± SEM.
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probe was applied on one retinal section per slide to exclude nonspecific
signals.

CNTFRα Colocalization Studies. All retinas to be compared were immunostained,
and imageswere takenat the same time. Colocalization analyseswere carriedout
by Image J software using four whole-mounted retinas per group. Mander’s
value (tM) was used to represent the extent of colocalization (13).

Quantitation of RGC Survival and Axon Regeneration. RGC survival and axon
regeneration were quantified as described previously (57). Mice were per-
fused transcardially with saline and 4% PFA. Eyes and optic nerves were
dissected and postfixed in 4% PFA for 1 h at room temperature (RT). Whole
retinas were dissected and immunostained for βIII-tubulin (ab18207; Abcam)
to distinguish RGCs from other cells in the retina (102). RGC survival was
quantified in 8 to 16 predesignated fields in each retina, as described pre-
viously (6). Nerves were cryostat-sectioned longitudinally at 14 μm after
transferring to 30% sucrose at 4 °C overnight. Sections were immunostained
to detect CTB (GWB-7B96E4; Genway Biotech) in regenerating axons. Axons
were quantified in four to eight sections per case at prespecified distances
from the injury site, as described (6).

Preparation and Staining of Retinal Sections. To prepare retinal sections, eyes
were collected and postfixed in 4% PFA for 1 h, transferred to 30% sucrose
overnight at 4 °C, and frozen-sectioned at 14 μm. Sections were incubatedwith

primary antibodies at 4 °C overnight after blocking with appropriate sera for
1 h at RT. After washing three times, sections were incubated with the ap-
propriate fluorescent secondary antibody and DAPI and then mounted. Pri-
mary antibodies that were used included an anti-CNTFRα polyclonal antibody
(PA5-77379; ThermoFisher Scientific), anti-SOCS3 mAb (MA1-19373; Thermo-
Fisher Scientific), anti-CCL5 mAb (sc-373984; Santa Cruz Biotechnology), anti-
CCR5 mAb (sc-17833; Santa Cruz Biotechnology), anti-GPR75 polyclonal
antibody (SAB4500182; Sigma), and anti-adenylyl cyclase 3 polyclonal an-
tibody (PA5-35382; ThermoFisher Scientific). Images were taken by a Nikon
E800 microscope or a Zeiss LSM700 or Zeiss LSM710 confocal microscope.

Statistical Analyses. Values are presented as means ± SEM. Statistical sig-
nificance was evaluated with one-way ANOVA, followed by Bonferroni post
hoc tests or unpaired two-tailed Student’s t tests if comparing two groups
using SPSS software version 19.0 (IBM).

Data Availability. The transcriptome dataset has been deposited in the GEO
database (accession no. GSE142881).
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Fig. 8. CCL5 induces optic nerve re-
generation in vivo. (A–D) rCCL5 stimu-
lates optic nerve regeneration and RGC
survival. (A) Axon regeneration was in-
duced by the indicated treatments
and visualized by CTB immunostaining
(green). The asterisk indicates the injury
site. (Scale bar, 150 μm.) (B) Whole-
mounted retinas immunostained with
antibody TUJ1+ (green) to visualize sur-
viving RGCs. (Scale bar, 60 μm.) (C )
Quantitation of regeneration. A single
intraocular injection of rCCL5 (0.1 μg/μL)
immediately after NC increased regen-
eration (***P < 0.001; rCCL5 vs. BSA; n =
9 to 11 nerves per group), and three
injections of rCCL5 (2 d before, the day
of, and 3 d after NC) doubled levels of
regeneration induced by a single injec-
tion (***P < 0.001: rCCL5 3× vs. BSA 3×;
*P < 0.05: rCCL5 1× vs. rCCL5 3×; n = 9 to
11 nerves per group). (D) Quantitation
of RGC survival. Intraocular rCCL5 (1×)
enhanced RGC survival (**P < 0.05;
rCCL5 vs. BSA; n = 9 to 12 retinas per
group), while multiple injections had no
additional effect (P = 1.00; rCCL5 3× vs.
rCCL5 1×; n = 9 to 12 retinas per group).
(E and F) rCCL5 increases ribosomal
protein S6 phosphorylation (pS6). (E)
Retinal cross-sections from mice with
intraocular injections of BSA or rCCL5
stained to visualize pS6 (green), RBPMS-
positive RGCs (red), and cell nuclei (DAPI)
(blue). (Scale bar, 13 μm.) (F) Quantita-
tion. rCCL5 increased pS6 levels in RGCs.
**P < 0.01 (rCCL5 vs. BSA; n = 4 retinas
per group). (G) As in E but immunos-
tained to visualize pCREB (green),
RBPMS-positive RGCs (red), and cell nuclei
(DAPI) (blue). (Scale bar, 13 μm.) (H)
Quantitation. rCCL5 increased pCREB
levels in RGCs. *P < 0.05 (rCCL5 vs. BSA;
n = 4 retinas per group). (I) As in E but
stained to visualize pERK (green), RBPMS-
positive RGCs (red), and cell nuclei (DAPI)
(blue). (Scale bar, 13 μm.) (J) Quantitation. rCCL5 decreased pERK levels in RGCs by 58%. ***P < 0.001 (rCCL5 vs. BSA; n = 4 retinas per group). (K) Retinal cross-
sections frommice with intraocular injections of BSA or rCCL5 stained to visualize pAKT, pSTAT3, p-cJUN (green), RBPMS-positive RGCs (red), and cell nuclei (DAPI)
(blue). (Scale bar, 13 μm.) Bars show means ± SEM. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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