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Original Article
Immune function in X-linked
retinoschisis subjects in an AAV8-RS1
phase I/IIa gene therapy trial
Alaknanda Mishra,1,3 Camasamudram Vijayasarathy,1 Catherine A. Cukras,1 Henry E. Wiley,1 H. Nida Sen,1

Yong Zeng,1 Lisa L. Wei,1,5 and Paul A. Sieving1,2,4

1National Eye Institute, National Institutes of Health, Bethesda, MD 20892, USA; 2Department of Ophthalmology, University of California Davis, Davis, CA 95817, USA
This study explored systemic immune changes in 11 subjects
with X-linked retinoschisis (XLRS) in a phase I/IIa adeno-asso-
ciated virus 8 (AAV8)-RS1 gene therapy trial (ClinicalTrials.-
gov: NCT02317887). Immune cell proportions and serum ana-
lytes were compared to 12 healthy male controls. At pre-dosing
baseline the mean CD4/CD8 ratio of XLRS subjects was
elevated. CD11c+ myeloid dendritic cells (DCs) and the serum
epidermal growth factor (EGF) level were decreased, while
CD123+ plasmacytoid DCs and serum interferon (IFN)-g and
tumor necrosis factor (TNF)-a were increased, indicating
that the XLRS baseline immune status differs from that of con-
trols. XLRS samples 14 days after AAV8-RS1 administration
were compared with the XLRS baseline. Frequency of CD11b+-

CD11c+ DCc was decreased in 8 of 11 XLRS subjects across all
vector doses (1e9–3e11 vector genomes [vg]/eye). CD8+human
leukocyte antigen-DR isotype (HLA-DR)+ cytotoxic T cells and
CD68+CD80+ macrophages were upregulated in 10 of 11 XLRS
subjects, along with increased serum granzyme B in 8 of 11
XLRS subjects and elevated IFN-g in 9 of 11 XLRS subjects.
The six XLRS subjects with ocular inflammation after vector
application gave a modestly positive correlation of inflamma-
tion score to their respective baseline CD4/CD8 ratios. This
exploratory study indicates that XLRS subjects may exhibit a
proinflammatory, baseline immune phenotype, and that intra-
vitreal dosing with AAV8-RS1 leads to systemic immune acti-
vation with an increase of activated lymphocytes, macrophages,
and proinflammatory cytokines.
Received 3 December 2020; accepted 10 February 2021;
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INTRODUCTION
Adeno-associated virus (AAV) vectors are a frequent choice for ther-
apeutic gene delivery,1 including the safe and efficacious therapy for
Leber congenital amaurosis (LCA) with voretigene neparvovec-rzyl
(Luxterna).2,3 However, at higher doses AAV vectors may elicit in-
flammatory immune responses4–6 that can present a therapeutic chal-
lenge. Upon administeration into the eye, the vector encounters local
and circulating immune cells that trigger innate and adaptive immune
responses,6 whether administered by intravitreal or subretinal appli-
cation. This immune response is potentially injurious to ocular tissues
and can lead to focal retinal inflammation and disrupted retinal archi-
2030 Molecular Therapy Vol. 29 No 6 June 2021 ª 2021
tecture,7 and the immune activity may interfere with effective delivery
to target cells. Both intravitreal and subretinal dosing with AAV2-
7m8 and AAV8-BP2 caused retinal glial activation and lymphocytic
infiltration in non-human primates (NHPs) at the highest injected
dose of 1 � 1012 vector genomes (vg)/eye in this study.8 Seitz et al.9

also demonstrated a dose-dependent AAV distribution and shedding
in blood and draining lymphatic tissue in both intravitreal and subre-
tinal AAV8 vector delivery at 1e11 and 1e12 vg/eye, with the vector
genome being more abundant and persistent in systemic circulation
upon intravitreal delivery.

Although clinical ocular trials for several retina conditions have
shown suitable safety profiles for AAV vectors,2,10–12 two retinal
gene therapy trials showed a decline of therapeutic efficacy over
time (ClinicalTrials.gov: NCT00481546 and NCT00643747).13–15

Clearance of transduced cells by immune mechanisms is a possible
etiology,16 suggesting that further understanding of immune re-
sponses to the vector would be beneficial for managing AAV gene
therapy. As neutralizing antibodies (NABs) against AAV8 capsid pro-
teins and interferon (IFN)-g-producing T cell responses to AAV8
capsid were observed in our AAV8-RS1 trial (ClinicalTrials.gov:
NCT02317887),17 both adaptive immunity and vector load likely
contribute to ocular inflammation.

The present study reports the peripheral blood immune cell profiles
and serum analytes in X-linked retinoschisis (XLRS) subjects treated
in the AAV8-RS1 gene therapy trial we are conducting. Although

https://doi.org/10.1016/j.ymthe.2021.02.013
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2021.02.013&domain=pdf


Figure 1. CD4/CD8 ratio in XLRS at baseline and

correlation to ocular inflammation

(A) Representative flow cytometric plots for CD4 and CD8

populations gated on CD45+CD3+ cells for all groups. (B)

The baseline CD4/CD8 ratio was calculated for XLRS

subjects (n = 11) and compared to healthy controls (n =

12). Bar shows standard deviation. (C) Linear regression

analysis for the baseline CD4/CD8 ratio in subjects man-

ifesting ocular inflammation after vector dosing showed

positive association to ocular inflammation scores.
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the number of subjects in this trial is small, it brings new informa-
tion to light on the immune consequences of human ocular AAV
gene therapy. While the clinical features of the first nine subjects
enrolled in the trial are already published,17 the present study pro-
vides a view into the immune status of these XLRS trial subjects and
two additional subjects, before and after vector application. The sta-
tistical statements are limited by the small number of subjects in this
trial, particularly at the higher levels of 1e11 and 3e11 vg/eye for
which clinical ocular inflammation was observed. While definitive
features are not yet known, the information gleaned by a systematic
analysis of the immune status may be useful in guiding future
studies.

RESULTS
Baseline immune cell changes in XLRS

To assess whether the AAV8-RS1 vector dose led to a systemic im-
mune response in XLRS trial subjects, we analyzed the immune cell
populations by flow cytometry and serum cytokine/chemokine anal-
ysis, at pre-dosing baseline and at day 14 after vector application.
Nine of eleven XLRS subjects showed higher CD4/CD8 ratios than
those of normal controls, which typically range from 1.5 to 2.5.18

The XLRSmean CD4/CD8 ratio at baseline was considerably elevated
compared with the 12 healthy controls (control, 2.2 ± 0.7; XLRS base-
line, 3.5 ± 0.9; p < 0.001; Figures 1A and 1B; Table S1). The elevated
ratio resulted from increased CD4+ T cells and a decrease of CD8+

T cells for many of the XLRS subjects.

Effect of duration of cryostorage

Due to trial logistics, the XLRS samples were stored in liquid nitro-
gen (LN) for up to 1 year before analysis, whereas the 12 control
Mo
blood samples were processed a month after
collection. To evaluate whether storage dura-
tion affected the outcome, we repeated the
CD4/CD8 analysis of the 12 healthy controls
using their peripheral blood mononuclear cell
(PBMC) samples stored in LN for 12 months,
comparable to the XLRS samples. Analysis
showed that 12-month LN cryostorage
decreased the CD4+ T cell counts, which in
turn decreased their CD4/CD8 ratio minimally
compared with analysis of 1-month samples
(Figures S1A and S1B). As a consequence, the
CD4/CD8 ratios for XLRS at baseline remained significantly
elevated above controls for both 1-month and 12-month LN
storage.

Subject S9 (1e11 vg/eye) had the highest baseline CD4/CD8 ratio and
also had the most ocular inflammation after vector application. A to-
tal of six subjects in the AAV8-RS1 trial exhibited clinical ocular
inflammation after dosing, and we considered whether the degree
of inflammation after dosing correlated with their pre-dosing baseline
CD4/CD8 ratios. Of the six individuals who exhibited inflammation,
five received high doses (1e11 or 3e11 vg/eye) and one received the
medium dose (1e10 vg/eye). We excluded five subjects at lower doses
who had no inflammation as uninformative for the question (three at
a low dose, 1e9 vg/eye, and two at a medium dose, 1e10 vg/eye).
Testing the six with inflammation for the simplest, linear relationship
of baseline CD4/CD8 ratios to their respective post-dosing inflamma-
tion grade gave a modest positive association (R2 = 0.70, p = 0.036;
Figure 1C). For completeness, performing this analysis with all 11
subjects, including the 5 with no ocular inflammation at the lower
doses (1e9 and 1e10 vg/eye), gave no association (R2 = 0.12; p =
0.3; Figure S2).

The dendritic cell (DC) subsets of XLRS subjects were more variable
than those of healthy controls (Figure 2A), which may obviate a
prognostic value. CD123+CD11c� plasmacytoid DCs (pDCs, Fig-
ure 2B) were increased (healthy controls, 6.8 ± 2.2; XLRS baseline,
10.6 ± 4.2; p = 0.01) but CD11c+ myeloid DCs (mDCs, Figure 2C)
were decreased compared to healthy controls (controls, 10.9 ± 2.5;
XLRS baseline, 7.0 ± 3.0; p = 0.002; mean ± SD values are indicated
as percentages) (tabulated in Table S2). Both pDCs and mDCs have
lecular Therapy Vol. 29 No 6 June 2021 2031
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Figure 2. Cell-mediated immune and serumcytokine

changes in XLRS at baseline

Cell-mediated immune cell populations were analyzed by

flow cytometry, and serum analytes were analyzed by

cytometric bead array in 11 XLRS subjects and 12 healthy

controls. Bars represent standard deviation. Significant

frequency changes are identified in DCs. (A) Represen-

tative flow cytrometric plots for CD11c+ mDCs and

CD123+ pDCs gated on CD56�HLA-DR+ cells. (B and C)

CD123+ pDCs had an elevated frequency (B), while

CD11c+ mDCs showed decreased proportions

compared to healthy controls (C). Baseline values for

serum cytokines/chemokines of XLRS subjects were

evaluated compared with controls. (D–F) Serum levels of

both IFN-g and TNF-a were elevated (D and E), and EGF

was downregulated (F). p < 0.05 was considered signifi-

cant.
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broad antiviral activity and type I IFN secretion, and they bridge the
innate and adaptive systems by regulating early immune activation
toward a cellular-based response.19 pDCs are also responsible for
proinflammatory activation of effector T cells.20 pDCs are recruited
to human cerebrospinal fluid under neuroinflammatory conditions
and also for some non-inflammatory neurological conditions.21

The increased proportion of pDCs for XLRS at the pre-dosing base-
line may reflect an underlying retinal neuroinflammatory state.
pDCs that are actively recruited to the site of neurodegeneration
would mount a T helper 1 (Th1) response,19 which is generally inju-
rious to ocular tissue.

Serum cytokine/chemokine levels in XLRS at baseline

To look further at the baseline immune status of the XLRS subjects,
we analyzed their cytokine levels and found significant changes in
serum concentration (pg/mL) of several pro-inflammatory factors.
Levels of IFN-g (XLRS baseline, 117.7 ± 35.6; healthy controls,
86.1 ± 18.2) and tumor necrosis factor (TNF)-a (XLRS baseline,
183.8 ± 35.5; healthy controls, 154.5 ± 29.7) were elevated (36%
higher for IFN-g, p = 0.01; 19% higher for TNF-a, p = 0.02; Figures
2D and 2E), while epidermal growth factor (EGF) levels were 30%
2032 Molecular Therapy Vol. 29 No 6 June 2021
lower than those of controls (XLRS baseline,
1,069.2 ± 180.4; controls, 1,544.5 ± 328.3; p =
0.0003, Figure 2F) (tabulated in Table S2).

Cell and cytokine changes after vector

injection implicate Th1-mediated activity

AAV8-RS1 dosing led to a marginal increase in
the CD4/CD8 ratio in some XLRS subjects, but
this was not significant in aggregate (Table
S1). The proportions of CD68+CD80+ macro-
phages (XLRS baseline, 10.9 ± 5.6; XLRS day
14, 17.0 ± 6.5; p = 0.02; Figure 3A) and CD8+-

human leukocyte antigen-DR isotype (HLA-
DR)+ activated cytotoxic T cells (Tc cells)
(XLRS baseline, 15.5 ± 9.2; XLRS day 14,
24.9 ± 10.2; p = 0.04; Figure 3B) were elevated above baseline in 10
of 11 subjects to various degrees. CD11b+CD11c+ immunoregulatory
DCs were decreased (XLRS baseline, 3.1 ± 2.6; XLRS day 14, 1.1 ± 0.9;
p = 0.02; Figure 3C) after vector administration in 8 of 11 subjects.

Two cytokine/chemokine analytes were substantially increased on
day 14 after vector administration: 8 of 11 XLRS subjects showed
an increase of granzyme B by 1.2- to 1.8-fold (XLRS baseline,
138.1 ± 29.9; XLRS day 14, 177.0 ± 49.2; p = 0.009, Figure 4A), and
9 of the 11 subjects had elevated IFN-g by 1.2- to 2.4-fold (XLRS base-
line, 117.7 ± 35.6; XLRS day 14, 163.8 ± 33.3; p = 0.005; Figure 4B).
Granzyme B is a serine protease in granules of cytotoxic T cells and
natural killer (NK) cells and can eliminate virus-infected cells by pro-
grammed cell death.22 IFN-g is upregulated during a Th1/Th2 imbal-
ance and indicates activation of the TNF/mitogen-activated protein
kinase (MAPK)/Toll-like receptor (TLR) major inflammatory
signaling pathways.23,24

We considered whether any of these peripheral inflammatory param-
eters correlated with the degree of inflammation and found positive
correlation with CD68+CD80+ activated macrophages (R2 = 0.69,



Figure 3. Systemic immune cell alteration after AAV8-

RS1 vector dosing

Relative immune cell proportions in peripheral blood were

evaluated for each XLRS subject before and after vector

dosage. Representative flow cytometric plots and heat-

maps were constructed for evaluating changes in each

subject. (A and B) CD68+CD80+ macrophages (A) and

CD8+HLA-DR+ activated cytotoxic T cells (B) were upre-

gulated in 10 XLRS subjects 14 days after vector injection.

(C) CD11b+CD11c+ regulatory DCs were downregulated in

8 of 11 XLRS subjects after vector injection.
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p = 0.04) (Figure 5A). Granzyme B levels were elevated in 8 of 11 sub-
jects, including 5 of 6 who had clinical ocular inflammation (subjects
5, 7, 9, 10, and 11) but also in some without clinical inflammation
(subjects 1, 2, and 4). Granzyme B levels did not show significant as-
sociation with ocular inflammation scores (R2 = 0.5, p = 0.1; Fig-
ure 5B), but the significantly elevated granzyme B levels in subjects
with ocular inflammation (1.2- to 1.8-fold) after vector dosing may
suggest a role in vector-induced inflammation. The cell propor-
tions/serum levels of immune factors elevated after vector dosing
are tabulated in Table S3. Other major immune cell subsets, including
B cells, monocytes, regulatory T cells (Tregs), NK cells, and NK T
(NKT) cells were analyzed at baseline and 14 days after vector injec-
tion, but they did not show a significant change between XLRS pa-
tients and controls.

DISCUSSION
Observations from this study led to several hypotheses that warrant
further analysis. First, the CD4/CD8 ratios of XLRS subjects at pre-
dosing baseline were elevated compared to age-similar and sex-
matched healthy controls. Second, at day 14 after vector dosing, the
XLRS peripheral immune system showed activation, as evidenced
by activated T cells, macrophages, and proinflammatory cytokines.
Third, the degree of ocular inflammation after vector administration
was roughly correlated to the XLRS subject’s baseline CD4/CD8 sta-
tus for the six individuals who exhibited inflammation after vector
dosing. Recognizing that the number of subjects treated in this study
is small, these observations remain initial results that need further
clarification, including whether an XLRS subject’s inflammatory
response to the vector may relate to baseline immune status, in addi-
M

tion to the AAV8 vector load. A larger dataset is
required to gain further insight into this
possibility.

XLRS immune changes at baseline

The present study suggests that these XLRS sub-
jects have an abnormal immune phenotype even
at baseline. They exhibit altered systemic im-
mune cell profiles and serum cytokines even
before vector administration, and the results
point toward these baseline changes as a potential
factor in inflammation after vector administra-
tion. If an immune suppression regimen could be tailored to the im-
mune activation after vector dosing, one would expect better immune
control and improved therapeutic efficacy.

For the analysis, we focused only on those six subjects who showed
clinical inflammation, as the absence of inflammation provides an
ambiguous signal. The five subjects without clinical ocular inflamma-
tion (subjects 1–4 and 6) had received the lower doses (1e9 and 1e10
vg/eye), and they provide no information on possible responses to
higher doses. When we further limited the group to only the five
dosed at 1e11 or 3e11 vg/eye (subjects 7–11), the correlation
continued to indicate a relationship of ocular inflammation to the
baseline CD4/CD8 ratio (R2 = 0.64, p = 0.10), albeit less strongly
than including inflammation subject 5 and significant only at p =
0.10. This relationship between CD4/CD8 and post-dosing inflam-
mation is lost (R2 = 0.13; p = 0.3) when the low dose-treated subjects
without inflammation are included in the analysis.

Of course one possibility to explain the relationship to baseline CD4/
CD8 values of XLRS before dosing would be random variation (i.e.,
chance). The statistical likelihood of such an event can be calculated
given that an elevated CD4/CD8 ratio was observed in 9 of 11 cases,
and using a binary outcome of immune normal versus elevated states.
The cutoff point used is the upper limit of the 95% confidence interval
(CI) for CD4/CD8 values of the 12 healthy controls, which is a CD4/
CD8 ratioR2.53. Poisson statistics for small case numbers (P[x = 9])
gives a probability of 0.052 (5.2%), indicating that this occurrence is
unlikely to be a random observation, but that it is still within the
realm of possibility. This suggests that the XLRS condition itself is
olecular Therapy Vol. 29 No 6 June 2021 2033
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Figure 4. Serum cytokine changes after AAV8-RS1 vector dosing

(A and B) Pro-inflammatory cytokine granzyme B (A) and IFN-g (B) levels were

elevated on day 14 after vector injection. Heatmap analysis of each subject showed

that granzyme Bwas upregulated in five of six subjects that had ocular inflammation

at day 14 after vector dosing. IFN-g did not show any particular trend with vector

dose and was generally upregulated.
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the cause of the systemic immune status deviation from normal at
baseline before dosing.

The literature reports that CD4/CD8 ratios generally range from 1.5
to 2.5.18 Some reports indicate that a subject’s race may regulate
certain immune cell subsets,25 but the immune cell proportions for
the 12 healthy controls in this study were within the expected normal
range of 1.5–2.5 despite the racial mix, indicating that race differences
do not negate the finding of a difference in CD4/CD8 status and other
immune subsets of the XLRS subjects at the pre-dosing baseline.

Increased CD4/CD8 ratios generally are associated with conditions of
chronic autoimmunity and inflammation.26–28 Dysregulation of the
T cell ratio is reported for multiple sclerosis, sarcoidosis, and Alz-
heimer’s disease, and also in elderly subjects.29–31 Females generally
have higher CD4/CD8 ratios than do males, which may predispose
them toward autoimmune diseases.32,33 Higher CD4/CD8 ratios
were found in the vitreous of subjects with proliferative diabetic reti-
nopathy (PDR) and interpreted as a local inflammatory response.34

Similarly, Dave et al.35 also found increased CD4/CD8 ratios in
aqueous humor for sarcoid uveitis. We note that the present XLRS
analysis utilizes systemic CD4/CD8 ratios, but this shows a pattern
of CD4/CD8 increase for XLRS subjects at baseline similar to that
observed in ocular samples in the aforementioned studies. The
elevated baseline CD4/CD8 ratio for XLRS found in this study in 9
of 11 subjects is not itself sufficient to predict ocular inflammation af-
ter gene therapy. However, given the correlation of the CD4/CD8 ra-
tio to the ocular inflammation observed, attention to the baseline im-
2034 Molecular Therapy Vol. 29 No 6 June 2021
mune status may help tailor future immune modulation regimens for
XLRS subjects receiving ocular gene therapy. The trial protocol
queried the XLRS subjects about recent infections or inflammatory
conditions, but not in great detail, and while their responses were
negative, this may have influenced the baseline CD4/CD8 ratio.
The controls were sex matched and approximately age matched. A
larger cohort of treated XLRS subjects will be required to probe this
correlation further.

The considerable deviation from normal in the DC axis of XLRS at
baseline is a further indication of the altered immune status of
these trial subjects. Flow cytometry pointed toward downregula-
tion of CD11c+ myeloid DCs and an elevation of CD123+ pDCs.
pDCs produce type I IFNs in response to viruses and drive anti-
viral immunity, and the balance between mDCs and pDCs is an
important factor for immunological tolerance.36,37 This elevated
frequency of pro-inflammatory cells in XLRS at baseline would
be consistent with a chronic inflammatory state. Cytokine analysis
at baseline also showed elevated levels of Th1 pro-inflammatory
cytokines IFN-g and TNF-a. Th1 responses generally are injurious
to ocular tissues, as Th1 cells secrete IFN-g, which promotes
phagocytosis and immunoglobulin (Ig)G2a secretion, a comple-
ment-fixing class of antibodies.38,39 Others have noted a synergistic
effect of IFN-g and TNF-a that contributes to corticosteroid resis-
tance,40 which may diminish the effects of systemic immune sup-
pression. This may apply to subject 9 for whom pre-dosing with
oral corticosteroid was minimally effective in curbing ocular
inflammation after dosing.

Reduced serum EGF at XLRS baseline is consistent with an imbalance
in immune modulation activity. Dermatitis studies have linked
elevated EGF with reduced inflammatory signals41 and with
improving immune defects in EGF receptor inhibitor (EGFRI)-
related skin toxicities.42 EGF supplementation enhanced the immune
system in rats,43 and injecting EGF caused T cell-dependent immune
suppression against sheep red blood cell (RBC) antigens.44 EGF also
suppresses Th cell responses,45,46 and, conversely, it is possible that
Th cells show expansion and activation when EGF levels are downre-
gulated in XLRS, thus affecting the CD4/CD8 ratio in XLRS.

The cytokine/chemokine alterations suggest an altered Th1-Th2 bal-
ance in XLRS at baseline that would impact signaling pathways,
including the MAPK, TNF receptor (TNFR), and TLR pathways.23,24

If substantiated in a larger study, this may prove useful in devising an
immune suppression strategy for XLRS and other gene therapy trials.
Although systemic immune changes may not manifest clinically in
XLRS at baseline, such changes may play a role in modulating the im-
mune response after vector dosing of XLRS subjects. Further studies
are needed to evaluate the pathways and mechanisms underlying the
baseline immune alteration we observed in XLRS subjects. Immune
homeostasis requires multiple and complex regulatory mechanisms
that are still not well understood. Whether the immune imbalance
in XLRS is influenced by a lack of redistribution from secondary
lymphoid tissues, by greater retinal antigen leakage into systemic



Figure 5. Association of pro-inflammatory systemic immune analytes to

ocular inflammation after vector dosing

Linear regression analysis identified two immune analytes associatedwith the ocular

inflammation scores in XLRS subjects after vector dosing. (A and B) CD68+CD80+

macrophages (R2 = 0.69; p = 0.04) (A), and granzyme B (R2 = 0.50; p = 0.11) (B) are

both pro-inflammatory immune factors that play a major role in cytotoxic immune

reaction.
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circulation, or by other mechanisms affecting systemic immune cell
proportions remains unknown at this time.

Reports indicate that retinal degenerative diseases may manifest
observable ocular immune activation. Cell-mediated immunity is re-
ported against sequestered antigens in geographic atrophy macular
degeneration47 and retinitis pigmentosa (RP).48 Yoshida et al.49 re-
ported that one-third of adult RP subjects have clinically observable
cellular reaction in the anterior vitreous. Sudharsan et al.50 showed
involvement of innate immune system pathways in rcd1 and xlpra2
dog models of RP at late stages. These reports implicate involvement
of the cell-mediated immunity in retinal degeneration, and that pe-
ripheral immune changes can reflect the ocular immune status in
retinal disorders according to Verhagen et al.,51 who noted elevated
levels of pro-inflammatory immune mediators in baseline serum of
a CRB1 RP patient. One possible contributor to elevated baseline
CD4/CD8 ratios in XLRS is the slow loss of photoreceptors in the pos-
terior retina.52 Retinal proteins reaching systemic circulation could
activate the immune system, consistent with the activation described
for other inherited retinal disorders.47,53

The altered baseline immune status in XLRS affected individuals is
consistent with a proinflammatory state observed in XLRS mouse
models as described in our recent study.54 Analysis of differential
gene expression profiles in Rs1-knockout (KO) (Rs1�/Y) retina
showed major dysregulation of immune response genes at an early
age, indicating an initial cell injury response to structural schisis.
The study also demonstrated that the retina lacking Rs1 can transition
back to immune quiescence upon expressing AAV8-RS1 vector,
implying that the lack of Rs1 destabilizes retinal immune regulation.

Immune profile changes after dosing

Several interesting observations stand out after AAV8-RS1 administra-
tion. Circulating CD11b+CD11c+ immunoregulatory cells were sub-
stantially decreased in 8 of the 11 XLRS subjects at day 14. Four of
five subjects who received the higher doses of 1e11 or 3e11 vg/eye
had a decrease of circulating CD11b+CD11c+ cells. CD11b+CD11c+

cells are known tomaintain, or are implicated in maintaining, immune
tolerance in the peripheral circulation.55 A reduced frequency in sub-
jects after dosing may increase susceptibility to immune activation,
particularly for the higher vector doses.

The vector appears to elicit a cytotoxic T cell immune response, as
CD8+HLA-DR+ cytotoxic T cells were upregulated in 10 of the 11
subjects after vector administration. Activated CD8+ killer T cells
have been shown to play a role in response to the vector capsid.56

CD68+CD80+ macrophages were also elevated after vector dosing.
These macrophages are known to produce pro-inflammatory cyto-
kines and activate other antigen-presenting cells.57 The correlation
of ocular inflammation scores to the level of CD68+CD80+ macro-
phages in this study of XLRS trial subjects indicates that vector
administration may aggravate cytotoxic immune reactions associated
with ocular inflammation. In the autoimmune diseases of atheroscle-
rosis and rheumatoid arthritis, macrophages expressing granzyme B
mediate a cytotoxic immune response causing degradation of extra-
cellular matrix remodelling.58 This is interesting, as one hallmark of
XLRS disease is the disruption of the structural extracellular matrix
integrity leading to schisis cavities, and we found increased serum
levels of granzyme B in five of six subjects who showed ocular
inflammation.

Immune changes after vector dosing may indicate that AAV8 vector
capsid activates or aggravates systemic effector and antigen-present-
ing cells. However, it is not known whether the ocular inflammatory
response is directed against the capsid protein or the transgene, or as
others have found, against cis-regulatory sequences.5 The published
interim report of the AAV8-RS1 trial17 showed induction of NABs
against AAV8 capsid for subjects 4–9 dosed at medium and higher
doses of 1e10 and 1e11 vg/eye, but there was no indication of anti-
bodies against the therapeutic RS1 transgene at these doses.

Cellular immune responses were also noted in AAV delivery of hu-
man coagulation factor IX (FIX) in hemophilia B patients,59–61

including CD8 T cell responses for high vector doses.62 Similarly,
AAV1-AAT (a-1 antitrypsin) elicited a cellular immune response
against capsid proteins by day 14 in all treated subjects with AAT defi-
ciency.63 Ocular trials have reported cellular responses, including five
of eight adult participants who received subretinal AAV2-RPE65 at
1e11 or 1e12 vg/eye and who exhibited immune-related events with
circulating anti-AAV2 NABs and IFN-g responses to the capsid by
enzyme-linked immunospot (ELISPOT) at 4 weeks post-injection.13
Molecular Therapy Vol. 29 No 6 June 2021 2035
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These reports implicate IFN-g-secreting T cells as contributors to the
AAV capsid immune response for either systemic or local administra-
tion. Our study was concurrent to previous reports and found a sys-
temic activation of CD8+HLA-DR+ T cells in AAV8-RS1-injected
subjects at day 14 after vector injection, implicating a greater role
of cytotoxic T cells in vector-evoked immune response.

Gene therapy in this trial was applied via intravitreal injection, while
most trials perform subretinal injections. These routes of application
have a very different biodistribution profile, as indicated in NHP
studies.9 Inflammation is reported more frequently following intravi-
treal vector delivery64,65 but is also encountered following subretinal
application,13 albeit milder and less frequently. The mechanisms of
ocular immune responses may not be identical for these two routes
of delivery; for example, cellular infiltrates were observed with intra-
vitreal injection66 but not for subretinal delivery in which a Th2-
mediated immune deviant response is mounted.67 The best medical
coverage may require immune suppression regimens that match the
immune activation pathway and severity.

Few comparisons have been made as to the intraocular versus sys-
temic immune profiles following ocular vector delivery, and these
give discordant outcomes: one showing induction of both ocular
and systemic cellular responses,7,17,64 a second that shows the absence
of systemic immune reponse upon ocular AAV delivery,68 while a
third shows neither an ocular or systemic immune response.69,70

Evaluation of vector biodistribution following AAV high vector
dosing has indicated substantial vector shedding in peripheral and
systemic circulation, including tears and urine after both subretinal
and intravitreal administration,9 which could lead to either or both
the humoral and cellular adaptive immune responses.71 This indicates
value in monitoring systemic immune profiles in gene therapy trials.
Ultimately the question of concordance between intraocular vitreous
or aqueous samples versus systemic immune response levels in hu-
mans can only be resolved by studies performing direct comparison.
Until then, the present study shows that some information can derive
from monitoring systemic immune activity in ocular gene therapy
trials.
MATERIALS AND METHODS
Study design

The XLRS subjects in the present study derive from an ongoing clin-
ical gene therapy trial conducted by the National Eye Institute (NIH
protocol 15-EI-0038) as a single center, open-label phase I/IIa study at
the Clinical Center of the National Institutes of Health (Clinical-
Trials.gov: NCT02317887). The trial adheres to the tenets of the Dec-
larations of Helsinki, and the protocol was reviewed and approved by
the NIH Institutional Review Board and the Recombinant DNA
Advisory Committee. Study oversight is provided by an independent
Data and Safety Monitoring Committee. Each subject provided
informed consent prior to enrollment and consented to blood collec-
tion for purposes of studying systemic factors affected by vector
dosing.
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Analysis of immune responses was performed for the first 11 subjects
dosed in this trial who received doses of 1e9–3e11 vg/eye. Each subject
received a single dose of AAV8-RS1 vector in one eye. All doses were
administered by intravitreal injection using a 1/2-inch 28G needle.
Three subjects each were dosed at 1e9 and 1e10 vg/eye, four at 1e11
vg/eye, and one at 3e11 vg/eye. The sample collection protocol was
determined prior to study initiation, and blood was collected for
PBMCs and serum at baseline prior to vector administration and at
day 14 after injection. Immune cell profiles and cytokine/chemokine
levels were analyzed for these time points. Twelve healthy individuals
were analyzed as controls, with de-identified blood and serum sam-
ples provided by the NIH Blood Bank (Bethesda, MD, USA), anony-
mized except for age, race, and sex (all male, as were the XLRS trial
subjects). The following cell immune profile changes were analyzed:
(1) XLRS subjects at baseline versus healthy controls, and (2) XLRS
subjects at baseline versus day 14 after AAV8-RS1 vector application.

The vector dose, ocular inflammation, and immune suppression
regimen for each subject are summarized in Table S4. Tables S5
and S6 present information on the uveitis observed in the subjects.
The ocular inflammation after vector application was graded accord-
ing to the Society of Uveitis Nomenclature (SUN) scale,72 by the pres-
ence of vitreous cells (VCs) and by inflammatory cells in the anterior
chamber (AC). The higher values of the AC and VC grades were used
for correlation studies with immune factors. The blood samples in
XLRS at baseline and day 14 were drawn before steroid treatment
in subjects 1–8. Subject 9 was pretreated with oral prednisone and
topical steroid at 2 days before dosing and continued beyond day
14. Subjects 10 and 11 were treated with cyclosporine at 175 mg twice
daily beginning 3 weeks before dosing, and myclophenolate mofetil
(MMF) at 500 mg twice daily at 3 weeks and 1,000 mg twice daily
at 2 weeks before dosing plus prednisone at 60 mg 2 days before vec-
tor dosing. Therefore, the baseline and day 14 blood samples for sub-
jects 9–11 were drawn while the immune suppression regimen was
ongoing.

Management of clinical ocular inflammation in the AAV8-RS1

trial

The immune status is presented for the first 11 subjects in the dose-
ranging phase I/IIa XLRS gene therapy trial, including the 9 initial
trial subjects for whom clinical details were published previously.17

The AAV8-RS1 trial is a dose-ranging safety study, and the medical
protocol for handling ocular inflammation evolved and changed dur-
ing the trial. Immune suppression evolved during the trial as follows:
six subjects (1–6) received the lower doses (1e9 and 1e10 vg/eye) and
had no immune modulation treatment at baseline or for day 14 sam-
ples. Only subject 5 (1e10 vg/eye) showed mild ocular inflammation
with delayed onset at day 32, and he then received oral prednisone
briefly with rapid resolution of the inflammation. At the higher doses
(1e11 and 3e11 vg/eye), all five subjects developed ocular inflamma-
tion, four hadmoderate or greater inflammation by day 14, while sub-
ject 10 had mild inflammation with delayed onset at month 3, when
the systemic immune drug regimen had been stopped. For immune
modulation, subjects 7 and 8 (1e11 vg/eye) received no prophylactic
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treatment for baseline or day 14 samples but then were treated medi-
cally with oral and topical steroids after ocular inflammation
occurred. With this as a guide, subject 9 (1e11 vg/eye) was pre-treated
prophylactically with oral prednisone beginning 2 days before vector
administration, but he exhibited the greatest ocular inflammation
nevertheless. Prophylactic immune suppression was augmented for
subject 10 (1e11 vg/eye) and subject 11 (3e11 vg/eye), using cyclo-
sporine and MMF beginning 2–4 weeks before vector dosing plus
oral prednisone started 2 days before dosing. Subject 10 (1e11 vg/
eye) had no inflammation until 3 months after dosing when the AC
showed trace to 1+ cell. With this apparent success of systemic sup-
pression, the dose was increased for subject 11 (3e11 vg/eye); he
had modest inflammation by 14 days post-dosing, but the inflamma-
tion was less than for subject 9 (1e11 vg/eye), who was pre-treated
only with oral prednisone before dosing.

Control subjects

Anonymized blood and serum samples of 12 healthy male subjects
were provided by the NIH Blood Bank (Bethesda, MD, USA). The
11 XLRS subjects ranged in age from 23 to 72 years (mean, 49 ± 12
years); the 12 subjects for PBMC controls were 21–73 years of age
(mean, 53 ± 17 years); and the 12 serum controls were 25–65 years
of age (mean, 50 ± 13 years). The racial mix was not fully identical:
10 of the 11 XLRS subjects were white and 1 was Hispanic; the
PBMC controls were 6 white, 5 black, and 1 Asian; and the serum
controls were 7 white, 4 black, and 1 Asian.

Blood collection and PBMC isolation

Blood was collected from each XLRS subject at baseline and day 14 in
heparinized tubes. Samples were transported the same day to
Advanced Biosciences Laboratory (ABL, Rockville, MD, USA) for
PBMC isolation. The PBMCs were maintained frozen in LN until
use. These samples were subsequently retrieved, batched, and run
together about 1 year after obtaining the final sample from subject
11. Anonymized control buffy coat samples were obtained from 12
healthy donors by the NIH Blood Bank of the NIH Clinical Center
(Bethesda, MD, USA), and samples were processed immediately in
our laboratory following protocols as used by ABL for XLRS samples
by Ficoll density centrifugation73 to isolate PBMCs. Cells were
collected and washed three times with phosphate-buffered saline
(PBS) after RBC lysis using ACK lysis buffer (Thermo Fisher Scienti-
fic, Waltham, MA, USA), cryopreserved in recovery cryomedia (re-
covery cell culture freezing medium, Gibco, Gaithersburg, MD,
USA), and stored frozen in LN until use.

Serum isolation

Blood was collected in serum separator tubes from XLRS subjects,
and serumwas isolated in the clinical laboratories of the Ophthalmic
Genetics and Visual Function Branch of the National Eye Institute.
The NIH Blood Bank (Bethesda, MD, USA) provided fresh blood
samples from 12 healthy donors who were the volunteers for that
day. Samples were left undisturbed at room temperature (RT) for
30 min to allow for clot formation. The clot was removed by refrig-
erated centrifugation at 1,200 � g for 10 min. Samples from XLRS
and controls were handled the same way. Serum samples were
stored at �80�C until retrieved for use at a later time for cyto-
kine/chemokine profiling.
Panel design and optimization for immunophenotyping

A panel of antibodies was designed to analyze and enumerate various
peripheral blood immune cell populations and subsets. The spillover
compensation and fluorochrome compatibility was determined by a
spillover matrix and antibody stain index preparation. Live and
dead cells were differentiated using Live/Dead fixable aqua dye and
DAPI (40,6-diamidino-2-phenylindole) as markers. Table S7 provides
information on the clones for the antibodies, stain index, vendors,
and catalog numbers. Fluorescence minus one (FMO) controls were
prepared to gate for the required cell subsets and to minimize false
staining.
Sample preparation

An antibody cocktail for surface markers was prepared with opti-
mized dilution for each antibody. 106 cells/50 mL of buffer were added
to 50 mL of antibody cocktail and incubated for 30min at RT, followed
by two washes with fluorescence-activated cell sorting (FACS) buffer
(PBS + 1% fetal bovine serum [FBS]). For staining with intracellular
markers, the cells were first stained with cell surface markers, permea-
bilized, and washed with Perm/Wash buffer (BD Biosciences, San
Jose, CA, USA) for 20 min at RT, and then intracellular antibody
was added to the cells and incubated at RT for a further 30 min.
Finally, the cells were washed twice and resuspended in 300 m of
FACS buffer. The data were acquired within an hour on a CytoFLEX
flow cytometer (Beckman Coulter Life Sciences, USA).
Data analysis and gating strategy

The data were analyzed using CytExpert v2.3 and FlowJo v10.1 (BD
Biosciences, San Jose, CA, USA) using the schematic analysis summa-
rized in Figure S3. The panel selects the live cells based on exclusion of
dead cells by DAPI and VivoTag staining. The whole live cells were
then gated (forward scatter [FSC]-area versus FSC-height) to exclude
the doublets. The CD45+CD3+ population was then gated to identify
Th cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), activated T cells
(CD4+HLA-DR+ and CD8+HLA-DR+), and B cells (CD3-CD19+).
The Tregs (CD4+CD25+FOXP3+) were gated on the CD45+CD4+

cells. Lymphocytes were gated for CD45+CD3+CD19�/CD45+

CD3�CD19� cells. The CD3�CD19� cells were gated for CD56+ cells
and were then analyzed for CD56bright and CD16+CD56� NK cells.
The CD3+CD19� cells were gated for CD56+ cells and analyzed for
total NKT cells. The CD3�CD19� population was also plotted for
classical, intermediate, and non-classical monocytes (CD14+CD16�,
CD14+CD16+, and CD14�CD16+). The CD14�CD16� population
was then gated for CD56 and HLA-DR. The CD56�HLA-DR+ pop-
ulation was further gated for CD123+CD11c� pDCs, CD11c�

mDCs, and CD11b+CD11c+ DCs. The CD11b+ cells from a whole-
singlet population were plotted for CD68+CD80+ and
CD68+CD163+ macrophages.
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Multiplex bead analysis of cytokines/chemokines

The serum concentrations of cytokines/chemokines were analyzed
with Luminex multiplex bead immunoassay technology with fluores-
cent multiplex beads (Luminex performance human XL cytokine dis-
covery magnetic panel, R&D Systems, Minneapolis, MN, USA) per-
formed according to the manufacturer’s instructions. The panel was
designed for simultaneous quantitation of 45 cytokines and chemo-
kines that are produced in innate immune responses to promote
inflammation and recruitment of T cells that trigger an adaptive im-
mune response. The serum analytes were cytokines/chemokines that
are secreted bymajor immune cell subsets such as T cells, B cells, DCs,
NK cells, and monocytes/macrophages. All samples were run in du-
plicates, and the mean of two measurements was used for any statis-
tical analysis. Positive and negative controls were included to deter-
mine cytokine recovery, and blank values were subtracted from all
readings. Standard curves for each cytokine were generated by using
the reference cytokine concentrations supplied by the manufacturer,
and values for the upper and lower limits of quantification were deter-
mined using Luminex 100 software. Cytokines with values out of
range (OOR), either above ORR or below ORR, reflect saturated or
undetectable levels of the cytokine, respectively. Analytes for which
25% or more subjects/healthy controls were OOR were excluded in
comparative analyses, thus bringing down the number of analyzed
parameters to 29. Significance was considered at p %0.05. The im-
mune cells and serum analytes that exhibited significant difference
from normal at baseline or after vector dosing have been tabulated
in the Tables S2 and S3, respectively. The non-adjusted p values for
all comparisons made in the study have been tabulated in Tables S8
and S9 for immune cells and serum analytes, respectively.

Statistical analysis

An unpaired t test was used to compare PBMC populations and cyto-
kine/chemokine levels between the baseline XLRS and 12 healthy
controls. A paired t test was performed to compare XLRS at pre-
dosing baseline and day 14 after vector injection. p values were not
corrected for multiple comparisons, as this study cannot be definitive
due to the small numbers of subjects in the AAV8-RS1 trial. Immune
cell subsets or cytokine/chemokines that exhibited significant differ-
ence from normal (p % 0.05) at pre-dosing baseline or day 14 after
dosing were evaluated further by simple linear regression to explore
relationships between XLRS clinical ocular inflammation after dosing
(using the inflammation scores for each subject) with baseline values
of cells and cytokines. To analyze whether individual XLRS subjects
showed a significant change in the CD4/CD8 ratio, immune cell sub-
sets/serum cytokines, or chemokines, a 95% CI of the sample distri-
bution was determined for the healthy controls. CD4/CD8 values of
XLRS individuals higher than the upper CI of healthy controls was
considered elevated, while those below the lower CI were considered
downregulated. Significance was considered at p %0.05. Statistical
tests were performed using GraphPad Prism 8 (GraphPad, La Jolla,
CA, USA).

Statistically significant outcomes for this study are limited because of
the small number of individuals who have been dosed in this trial,
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including at the higher dose levels of 1e11 and 3e11 vg/eye, which eli-
cited ocular inflammation. As the number of XLRS subjects in the
trial is small, values were not corrected for multiple comparisons.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2021.02.013.
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