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Purrosk. Eye inflammation may occur in patients with inherited retinal dystrophies (IRDs)
and is seen frequently in IRDs associated with mutations in the CRB1 gene. The purpose
of this study was to determine the types of inflammatory cells involved in IRDs, by
deep profiling the composition of peripheral blood mononuclear cells of patients with a
CRB1-associated IRD.

MerHobs. This study included 33 patients with an IRD with confirmed CRBI mutations
and 32 healthy controls. A 43-parameter flow cytometry analysis was performed on
peripheral blood mononuclear cells isolated from venous blood. FlowSOM and manual
Boolean combination gating were used to identify and quantify immune cell subsets.

Resurts. Comparing patients with controls revealed a significant increase in patients in
the abundance of circulating CD4" T cells and CD8" T cells that express sialyl Lewis
X antigen. Furthermore, we detected a decrease in plasmacytoid dendritic cells and an
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IgA"CD24+tCD38" transitional B-cell subset in patients with an IRD.

Concrusions. Patients with a CRBI-associated IRD show marked changes in blood leuko-
cyte composition, affecting lymphocyte and dendritic cell populations. These results
implicate inflammatory pathways in the disease manifestations of IRDs.

Keywords: inherited retinal dystrophy, CRB1, flow cytometry, inflammation

Inherited retinal dystrophies (IRDs) are a clinically and
genetically heterogeneous group of monogenic diseases
hallmarked by progressive loss of photoreceptors leading to
severe visual impairment.!~> Among people of working age,
IRDs are a leading cause of vision loss and blindness, which
negatively impacts their quality of life.¥° To date, >270
genes are known to be associated with IRDs. Patients with
identical gene mutations may have different clinical pheno-
types and severity of disease, suggesting that other factors
than genotype add to the disease mechanisms.’

The presence of elevated proinflammatory cytokines in
the serum and eye fluid of patients implicate inflammatory
responses in IRDs.®~'4 Patients with an IRDs show elevated
serum levels of C-reactive protein, particularly those with
the most significant vision loss.!®> Evidence of local cellular
action against deteriorating eye tissues was demonstrated
by the activation of microglia, T cells, and B cells in the
eye fluid of patients.'>'7 Systemically, changes in periph-
eral blood monocytes!'? and dendritic cells (DCs) have been
reported,® which may be harmful for the retina and may
promote further progression of disease.'®!® Furthermore,
previous studies have reported the presence of systemic
antiretinal antibodies in association with retinal disease and
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clinical manifestations.?>*! Patients with RP with antireti-
nal antibodies demonstrated a more rapid deterioration of
normalized visual field areas compared with those with-
out antiretinal antibodies.?? Collectively, these observations
support the idea that inflammation worsens IRDs.
Inflammatory characteristics are particularly striking in
patients with an IRD with mutations in the Crumbs
Homolog 1 (CRBI) gene, who in some cases may
develop ocular inflammation masquerading as noninfec-
tious uveitis.”-%10-23.24 pathogenic mutations in the CRBI
gene cause a phenotypical variety within the IRD spec-
trum, including RP, Leber congenital amaurosis, severe early
childhood onset retinal dystrophy, and cone-rod dystro-
phies.?>20 A variety of characteristics is associated with
CRB1-associated IRDs, including early onset maculopathy,
macular cysts, and increased retinal thickness with lami-
nation.?” The strong association with eye inflammation in
CRB1-associated IRDs makes it an attractive phenotype for
studying the role of immune mediators in this disease.
Quantification of circulating immune cell subsets may
aid in better understanding the nature of these inflamma-
tory responses. In this case control study, we investigated
cell surface markers and intracellular markers of peripheral
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blood mononuclear cells (PBMCs) through flow cytometry
in patients with a CRB1-associated IRD.

METHODS
Patients

This study was performed in compliance with the guide-
lines of the Declaration of Helsinki and had the approval
of the local Institutional Review Board (University Medi-
cal Center Utrecht, [UMCU)]). In total, 33 patients were
referred to the UMCU from the Amsterdam University Medi-
cal Centers, Leiden University Medical Center, Bartiméus
Diagnostic Center for complex visual disorders, The Rotter-
dam Eye Hospital and Rotterdam Ophthalmic Institute, and
Groningen University Medical Center for recruitment at the
outpatient clinic of the department of Ophthalmology of
the UMCU (MEC-14-065). Patients had been diagnosed with
IRD based on ophthalmic examination, imaging, and full-
field ERG. Subsequent molecular genetic testing, either by
targeted next-generation sequencing or by whole-exome
sequencing, identified coding or deleterious mutations in the
CRB1 gene (Supplementary Table S4).

None of the patients had systemic inflammatory condi-
tions at the time of sampling and/or received systemic
immunomodulatory treatment. Ophthalmic examination
took place at the day of inclusion, including visual acuity
measurement and slit-lamp examination by an experienced
uveitis specialist for the assessment of vitreous cells and
vitreous haze.

We also included 32 anonymous blood donors at the
UMCU with no history of ocular inflammatory disease who
served as healthy controls. The mean age of patients and
controls was 26.0 £ 15.6 years and 25.1 + 8.8 years, respec-
tively (Table 1).

Sample Processing

Blood was collected in lithium heparin vacutainers
(#367874, BD Biosciences, Franklin Lakes, NJ, USA) through
venipuncture, and PBMCs were isolated by Ficoll density
gradient centrifugation (Supplementary Table S5). The
PBMCs were then stored overnight in a Coolcell LX
(#432002, Corning, Corning, NY, USA) at -80°C in 1:1
culture medium (10% fetal bovine serum, 8.9% Gibco
RPMI Medium 1640 [#52400-025, Thermo Fisher Scien-
tific, Waltham, MA, USA], and 1% penicillin-streptomycin)
and freeze medium (80% fetal bovine serum and 20%
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dimethyl sulfoxide [#D5879-1L-M, Sigma-Aldrich, Munich,
Germany)), after which they were stored in liquid nitrogen
until measurement.

Staining of PBMCs

Samples were analyzed in 10 individual experiments across 2
periods between March 2021 (cohort 1) and November 2021
(cohort 2) (Fig. 1A). Samples were randomized for measure-
ment in five experiments on individual measurement days.
For each experiment, in total 6.5 x 10° thawed PBMCs were
used, with varying number of samples (#) per panel owing
to insufficient cells. We divided the cells over the following
panels: B cell panel (5 x 10° cells; # = 61), conventional DC
panel (2 x 10° cells; # = 62), mononuclear myeloid panel
(2 x 10° cells; n = 66), a T helper panel with extracellular
staining (5 x 10° cells; 7 = 67), and a T helper panel with
intracellular staining (1.5 x 10° cells; # = 65) (Supplemen-
tary Table S1). After thawing and washing with PBS, 5% FcR
Blocking Reagent (#130-059-901, Miltenyi Biotec, Bergisch
Gladbach, Germany) was added to the PBMCs and incubated
for 15 minutes at room temperature. For the intracellular
panel, RPMI-1640 and Phorbol 12-myristate 13-acetate and
Ionomycin solution were added and incubated at 37°C. After
30 minutes, BD GolgiStop (#51-2092KZ, BD Biosciences)
was used to block intracellular transport protein processes
and incubated for 3 hours at 37°C. Cells from each panel
were then pipetted onto v-bottom wells plates and washed
with PBS, after which 50 upL viability dye per well was
added. After 10 minutes of incubation in the dark, the wells
were washed with Dulbecco’s PBS (#¥D8537-500ML, Sigma-
Aldrich, Munich, Germany). Then the antibody mix specific
for each panel (Supplementary Table S1) and Brilliant Stain
Buffer (#¥563794, BD Biosciences) were added and incubated
for 20 minutes at 4°C in the dark. For the intracellular panel,
a Cytofix/Cytoperm Kit (#554714, BD Biosciences) was used
to fixate and permeabilize the PBMCs, after which the intra-
cellular antibody staining (Supplementary Table S1) was
conducted for 20 minutes at 4°C. Finally, 300 pL fluorescent
activated cell sorter buffer (Dulbecco’s PBS, 1% Pharmingen-
Stain Buffer [BSA], and 0.1% sodium azide) containing 100 pL
precision count beads (¥424902, Biolegend, San Diego, CA,
USA) were added.

Flow Cytometry

The stained PBMCs were measured on the BD LSRFortessa
Cell Analyzer (#647794, BD Biosciences) and compensated

Investigative Ophthalmology & Visual Science

TasLe 1. Study Population Demographics
Cohort 1 Cohort 2 Total
Healthy Healthy Healthy
Patient Control Patient Control Patient Control
Demographics (n =15) (n =15) (n =18) (n=17) (n = 33) (n =32)
Female (%) 67% 47% 50% 59% 58% 53%
(n = 10) n=7 n=9 (n=10) (n=19) (n=17)
Age (years) 19.1 + 6.5 26.3 + 3.0 31.8 £ 18.5 240 £ 11.8 26.0 £ 15.6 25.1 £ 838
Clinical diagnosis
RP 10 (67%) - 13 (72%) - 23 (70%) -
LCA 5 (33%) - 2 (11%) - 7 (21%) -
CRD 0 (0%) - 2 (11%) - 2 (6%) -
MD 0 (0%) - 1 (6%) - 1 (3%) -

CRD, cone-rod dystrophy; LCA, Leber congenital amaurosis; MD, macular dystrophy.
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Figure 1.

Study design and quality control. (A) The immune profiling was conducted by flow cytometry in frozen PBMCs of two

cohorts of patients with a CRBI-associated IRDs and controls. After quality control, data from 10 flow cytometry experiments were
combined for automatic gating by FlowSOM. The populations identified by FlowSOM were confirmed by manual gating. (B) Mean
fluorescent intensities for (rainbow) calibration beads across the 10 experiments. The rainbow calibration beads demonstrated that
the cytometry lasers performed consistently across multiple experiments. (C) The first two principal components of the manually
gated data. The ellipse highlights the close cluster of the internal control samples used in the analysis of each cohort. (D) PCA of
the median marker expression values (from flowSOM) before (top) and after (bottom) batch correction. Exp, experiment, IC, internal

control.

in FACSDiva (BD Biosciences). Inter experimental variation
was monitored by using PBMC aliquots of a single internal
control in each experiment. Relative abundances were used
for analyses.

Rainbow Calibration Beads (#422903, Biolegend) were
used to measure the variance of the lasers of the flow
cytometer between the measurement days, with stable
results (Fig. 1B). The coefficient of variation was <10%
across all individual channels. Before principal compo-
nent analysis (PCA), missing data was imputed with the
missMDA package, after which PCA was performed in R
base on combined data of all experiments. This showed
closely clustered internal controls of both cohort 1 and

Downloaded from iovs.arvojournals.org on 04/15/2024

cohort 2, revealing high consistency in measurement days
(Fig. 1C).

FlowSOM

After manually pregating compensated flow cytometry data
in FlowJo (BD Biosciences) as shown in Supplementary
Figure S1, all data from each experiment were transformed
with the estimateLogicle function from the flowCore R pack-
age.”® To improve power, data from all 10 experiments were
combined with the cyCombine R package that adjusts for
batch effects.?” PCA within R base was performed on median
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marker expression values before and after batch correction, Next, we subjected the flow cytometry data to analysis by
and shows proper removal of batch effects (Fig. 1D). These FlowSOM. FlowSOM considers the total profile of expressed
data were then subjected to analysis by the FlowSOM R pack- surface markers for hierarchical clustering of cells to allow

age, for which we used a 7 x 7 grid for all panels except unbiased (immune) cell identification. FlowSOM spanning
for the conventional DC panel (8 x 8 grid).>*3! The optimal trees for each flow cytometry panel are detailed in Supple-
number of metaclusters, cell clusters that are phenotypically mentary Figure S2. In total, the abundance of 10 metaclus-
similar, was determined by the elbow method, embedded ters differed significantly (P,q; < 0.05) between patients with
in the FlowSOM R package. The results from the significant an IRD and controls (heatmap in Fig. 2 and Supplemen-

metaclusters were compared with frequency (%) of popula- tary Table S2), which we verified by manual gating (Supple-
tions identified by standard manual gated data in FlowJo mentary Fig. S3 and Supplementary Table S3A-C). In detail,
(version 10.8.1) as shown in Supplementary Figures S1 we observed a skewing towards CD4TCD45RO™ effector
and S3. memory T cells in patients with a CRB1-IRDs (metacluster

Th7; P = 0.0017). Several changes in distinct functional T-
cell populations were identified, such as CD4" T cells that

Statistical Analyses . . . .
express an epitope of the sialyl Lewis X antigen (also known

All statistical analyses were performed in R and R studio as cutaneous lymphocyte-associated antigen), which were
(version 4.2.2). To compare the abundance of cells in each increased in abundance in blood of patients (metaclusters
metacluster between patients and healthy controls, miss- Tskewl, P = 0.0015, and TskewG, P < 0.001) (Fig. 3). Interest-
ing data was imputed with the missMDA package and a ingly, an expansion of T cells positive for this tissue-homing
likelihood-ratio test (using age and sex as covariates in the marker was also observed in cytotoxic CD8" T cells (meta-
models) was performed. The P values were adjusted using cluster Tskew3, P < 0.001) (Fig. 3).

the Benjamini-Hochberg procedure with the p.adjust func- In CD8" T cells, we further noted an increased abundance
tion in R base. An adjusted P value (P,g) of <0.05 was of CD8' T cells expressing another tissue-homing marker,
considered statistically significant. Scatter plots for the inter- the Integrin alpha E also known as CD103 (metacluster 753,
pretation of the data were made within the ggplot2 R pack- P < 0.001). Collectively, these data support that circulating
age. T cells expressing tissue-homing markers are expanded in

patients with an IRDs.
Analyses using panels targeting myeloid mononu-
RESULTS clear cell populations identified a significant decrease
in CD3037CD123" plasmacytoid DCs (pDCs) (metacluster
We analyzed cellular subsets in peripheral blood of 33 DCm7, P = 0.0029) (Fig. 4). Additionally, data from the
patients and 32 controls by flow cytometry in 2 large cDC panel independently supported a significant decrease in
cohorts of in total 10 individual experiments (Fig. 1A). pDCs. Despite the lack of pDC-specific markers in this panel,
We ascertained high quality of our data as shown by the a metacluster of HLA-DR'Lin"CD11¢"CD36"CCR2" cells
consistent technical performance across the experiments (representing pDCs) were significantly decreased (¢DC3, P
(Figs. 1B-D). = 0.0040) and highly correlated with the CD303"CD123"

Patients and controls
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Ficure 2. FlowSOM metaclusters with significant changes. Heatmap of unsupervised clustering of all statistically significant (P,g; < 0.05)
FlowSOM metaclusters identified in this study, divided in four based on hierarchical clustering for visualization purposes. Heatmap colors
represent the changes in proportion from a relatively low proportion (in purple blue) to a higher proportion (in dark orange). Dendrograms
indicating the clustering relationships (Euclidean distance and Ward2’s method) between disease groups and leukocyte populations are
shown to the left and above the heatmap. Sex of one control, indicated by an asterisk (*), is missing. A higher proportion of T cells and a
lower proportion of B cells and dendritic cells in patients can be appreciated. cDC, conventional dendritic cell panel; DCm, dendritic cell
mononuclear panel; HC, healthy control; Th, T helper panel with extracellular staining; Tskew, T helper panel with intracellular staining.
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Single cells

CD8
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metacluster in the DCm panel (Pearson correlation, r = 0.96,
P < 0.001).

Finally, we observed a decrease in frequency of B
cells double positive for IgA and CD24 (also called
Heat Stable Antigen or nectadrin) (metacluster B7, P <
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FiGure 3. CRBI-associated IRDs are characterized by an increase in Lewis Antigen-positive T cells. (A) The FlowSOM tree for the T helper
cell panel in patients and controls (combined). Metaclusters of CD8" and CD4™" T cells expressing the sialyl Lewis X Antigen/CLA epitope
are highlighted. The size of the pie chart is relative to the cluster size (ie, median percentage cells in the CD3™ gate). The star charts visualize
the relative surface/intracellular marker expression used to distinguish the clusters. Metacluster colors are shown as background color of
the clusters. (B) The manual gating strategy to identify the significant populations found in the FlowSOM tree. (C) The abundance of cells in
patients and controls. Benjamini-Hochberg post hoc adjusted P values are from the likelihood-ratio test corrected for age and sex. Median
and interquartile range are indicated by bars. CCR4, CC chemokine receptor type 4; CD, cluster of differentiation; CLA, cutaneous lymphocyte
antigen; IFNg, interferon gamma; IL, interleukin; sLeX, sialyl Lewis X antigen; TNF-a, tumor necrosis factor alpha.

0.001) and IgGtCD27' B cells (metacluster B1, P =
0.0075). Another metacluster (B6) was increased in patients,
but this metacluster comprised of mixed populations
(IgM*/-, CD24"/~, and CD38%/-), which hampered confirma-
tion by manual gating.
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Di1scUSsSION

Using deep immunophenotyping, we identified a significant
expansion of blood T-cell populations expressing tissue-
homing markers, as well as a decrease in circulating pDCs,
in patients with a CRBI-associated IRD.

The pathogenesis of IRDs is thought to be influenced
by chronic reactive inflammation, because patients often
manifest vitreous cells, show elevated inflammatory cytokine
levels in eye fluid,*> and the improvement of retinal func-
tion upon treatment with systemic immunomodulating treat-
ment agents.>® Studies dating back to the early 1980s have
shown T-cell reactivity to retinal antigens in patients with an
IRDs 343

Direct involvement of T cells in CRBI-associated IRDs
requires their access to the ocular microenvironment which
is orchestrated by “migratory” receptors that function by
targeting ligands with relative spatial and tissue-specific
expression patterns (so-called homing of T cells). Our find-
ings show the expansion of specialized subsets of cyto-
toxic and T helper populations that express tissue-migration
markers, such as sialyl Lewis X determinant/cutaneous
lymphocyte-associated antigen and CD103. The tissue-
homing integrin CD103 is expressed at high levels on T
cells found at tissue barriers, including the skin, eyes, and
the mucosa of the gut.3® This link between CD103" T cells
and the gut is of interest because IRDs exhibit shifts in
the composition of the gut microbiome, and gut dysbiosis
exacerbates retinal degeneration in IRD models by promot-
ing inflammatory-related pathways.>”-3® Furthermore, CD103
has been reported to be increased in uveitis.>**** Function-
ally, CD103 binds to the epithelial cell marker E-cadherin
and is upregulated upon exposure to immunomodulatory
cytokines, such as TGF-g. The CD103 receptor is well-
expressed by corneal-resident T cells,?! as well as by retinal-
resident T cells under inflammatory conditions.

To understand the implications of sialyl Lewis X determi-
nant on T cells in IRDs, we need to consider some proper-
ties of this antigen. We probed the sialyl Lewis X determi-
nant with the HECA-452 antibody, which has been shown
to react to a complex mixture of Lewis X glycoconjugates,
predominantly a specific epitope of the sialyl Lewis X deter-
minant termed “sialyl 6-sulfo Lewis X.”24> As this epitope
is primarily studied on skin-homing T lymphocytes, it is
also known as “cutaneous lymphocyte-associated antigen,”
which is known to play an important role in lymphocyte
homing %% Possibly, there are differences between CD4*
and CD8" T cells in the precise determinant of Lewis X
antigen recognized in our studies of IRDs. Sialyl 6-sulfo
Lewis X is more restricted to CD4" T cells, whereas CD8"
T cells may express the “classical” Lewis X antigen. Regard-
less, these Lewis X determinants serve as a ligand for E-, P-,
and L-selectins*~#® and aid in the extravasation of leuko-
cytes, 50 as well as in the inflamed eye.>! Further studies to
determine the function of the Lewis glycoprotein-positive
T cells in the context of IRDs are required to determine
if these T cells are antigen specific and/or proinflamma-
tory or regulatory in nature. Regardless, the expansion of
tissue-migration receptors by helper and cytotoxic T cells
emphasizes the active involvement of T cells in this group
of IRDs.

Another key observation from our study is a significant
decrease in pDC abundance in patients. This finding is of
interest, because a decrease in pDCs is also a characteris-
tic finding in studies of chronic inflammatory conditions,
such as noninfectious uveitis, systemic lupus erythemato-
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sus, and various types of cancer.”>~> PDCs are antigen-
presenting cells best known for their key role in antiviral
immunity.>® Indeed, pDCs have the capability of producing
large amounts of type I IFN upon recognizing either viral or
endogenous RNA/DNA.>’~* We previously showed that type
I IFNs are elevated in CRBI-associated IRDs masquerading
as intraocular inflammation.? We would like to stress that the
bulk of research on pDCs is focused on type I IFN signaling,
whereas many other functions of these cells remain under-
explored. For instance, pDCs are found in the retina and
other eye tissues and may respond to tissue injury in the
eye by producing antiangiogenic factors that inhibit neovas-
cularization.®® However, little is known about the function
of pDCs in retinal disease, and research should focus on
the vast array of other functional receptors of these cells
that are involved in a variety of regulatory and inflamma-
tory functions, such as CD36 (detected in our study). The
scavenger receptor CD36 binds apoptotic cell debris®!~3
and is involved in photoreceptor degeneration and retinal
inflammation in murine models.®>®> CD5L, a binding part-
ner of CD36, is also found to be expressed in the RPE %%
as well as in resident microglial cells.”® Autoimmunity in
AMD is suggested through anti-CD5L autoreactivity, impli-
cating CD5L in retinal pathogenesis. Although the decrease
in circulating pDCs could reflect in part their infiltration into
peripheral tissues, note that we identified pDCs using CD303
and CD123 surface markers. CD123 (or IL-3R-A) expression
may decrease in inflammatory states when pDCs are lost
from circulation by cell death.”” In contrast, activation of
pDCs by triggering CD303 signaling in pDCs leads to inter-
nalization of this lectin receptor (lower expression among
pDCs),”! which has been demonstrated in in vitro culture of
pDCs.”? Perhaps this finding is also true for the decreasing
number of HLA'DR*CD11¢"CD36* pDCs in patients with an
IRD, because CD36 also decreases after pDC activation.”?
Regardless, these observations implicate pDCs in IRDs and
provide new clues in our understanding of the cell types
involved.

Other observations of interest concern the IgA*CD24"
and IgGTCD27™" B cells. This result might implicate involve-
ment of the humoral immune response in IRDs. This find-
ing is of interest because retinal autoantibodies have been
reported in IRDs, most notably in patients presenting with
cystoid macular edema,?®-213>7475 3 comorbidity associated
with CRB1 mutations.”

Results should be interpreted with consideration of the
study’s limitations. IRDs affect approximately 1 in every 2000
to 3000 individuals, of which mutations in the CRB1 gene
are detected in approximately 5% of cases.”” 8! Because
of the rarity of the disease, the sample size was relatively
small, limiting statistical power to assess differences between
phenotypes or further stratification of patients based on
clinical characteristics. The latter was also complicated by
lack of standardization of disease activity in CRB1-associated
IRDs, and the already mentioned variation in disease course.
We did not have access to additional ophthalmic examina-
tions, such as fluorescein angiography and optical coherence
tomography, possibly missing the full breadth of inflamma-
tory implications in the eye. An exciting opportunity for
a follow-up study would be to prospectively investigate
patients from onset of disease, to determine the dynamics of
blood leukocyte populations and their relation with disease
progression based on clinical findings (e.g., visual field
progression and imaging). Although ocular inflammation
can be found in many types of IRDs, we limited our study
to those with confirmed CRBI mutations, because of the
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high occurrence of CME in these patients, which is strongly
associated with inflammation.® %7 We showed that this
inflammation exhibits striking similarities to other inflam-
matory eye conditions, in which T cells and pDCs are also
implicated.>? These findings make it tempting to speculate
that anti-inflammatory agents might be able to slow down
disease progression in people with CRB1-associated IRDs,}?
and although murine studies have shown a neuroprotective
effect of immunosuppressants, further research is needed
to determine whether this outcome also applies to other
types of IRDs in human patients.?>¥? The number of mark-
ers used for immunophenotyping in our work is not exhaus-
tive and was preselected owing to the spectral limitations of
flow cytometry. Furthermore, our study followed a snapshot
approach, which brings limitations owing to changes in the
immune profile throughout time. To better understand the
landscape of T cells associated with CRBI-associated IRDs,
we recommend further (prospective) studies by expand-
ing flow cytometry analysis with other T-cell-specific mark-
ers, or by using unbiased sequencing approaches (e.g.,
CITE-seq). Ideally, such studies include ocular fluid biop-
sies from patients to probe the ocular microenvironment of
IRDs. Additionally, autoantibody testing could prove useful
in future screening in patients with an IRD.

In conclusion, we demonstrated that CRBI-associated
IRDs are characterized by substantial changes in the periph-
eral T cells and DC compartments and suggest that interven-
tions that suppress ocular inflammatory reactions, as shown
promising in previous studies,’>%%4 should be explored as
a potential disease-modifying intervention.
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