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Purpose: Choroidal neovascularization (CNV) accounts for the majority of severe vision loss in neovascular
age-related macular degeneration (AMD). Despite therapies that target VEGF, patients are often under-
responsive, require frequent eye injections to control disease, and eventually lose some vision despite chronic
therapy implicating a multifactorial etiology in treatment response. Genetic studies implicate systemic immunity in
AMD and systemic immune cells accumulate within CNV lesions, yet a role for these cells in anti-VEGF response
remains undetermined. The purpose of this study was to identify transcriptional signatures of circulating immune
cells that are associated with high anti-VEGF treatment burden.

Design: Experimental pilot study.
Participants: Patients with neovascular AMD seen at Washington University School of Medicine in St. Louis

and BJC Health System.
Methods: We profiled by single cell RNA sequencing the peripheral blood mononuclear cells of 27 treatment-

experienced patients with wet AMD. We stratified this cohort into 2 groups with low and high treatment burden
(� 5 or � 6 injections in the past 12 months, respectively).

Main Outcome Measures: Identification of immune cells associated with high treatment burden.
Results: Gene expression signature of CD16þ monocytes may be associated with high treatment burden.
Conclusions: These studies delineate potential signatures of circulating immune cells that may be associ-

ated with high treatment burden in neovascular AMD, potentially informing the development of diagnostic pre-
dictors of anti-VEGF response and new precision medicine-based approaches to complement anti-VEGF
therapies.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2024;4:100410 ª 2023 by the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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In the industrialized world, age-related macular degenera-
tion (AMD) is the leading cause of blindness in individuals
> 50 to 60 years of age.1 Age-related macular degeneration
affects the central retina, called the macula, and early/
intermediate stages are characterized by focal or diffuse
lipoprotein-rich deposits called drusen and retinal pigmen-
tary alterations. Genetic factors including polymorphisms in
> 30 genes are associated with increased risk of developing
AMD. Smoking, uncontrolled hypertension, and a body
mass index > 25 are also associated with increased risk of
AMD progression. Advanced AMD is classified as neo-
vascular (wet) AMD or atrophic (advanced dry) AMD. Wet
AMD is characterized by development of abnormal blood
vessels underneath the retina called choroidal
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neovascularization (CNV) while advanced dry AMD is
characterized by atrophic neurodegeneration. Vision loss
ultimately occurs from photoreceptor loss in either form of
advanced AMD.2e5 Although wet AMD represents only
10% to 15% of disease burden, it accounts for 80% to 90%
of severe vision loss. VEGF targeted pharmacotherapies
have revolutionized care in wet AMD.6 VEGF-A antago-
nists delivered with intraocular injections reduce the risk of
severe vision loss as seen in multiple, randomized clinical
trials.6,7 Despite these advances, several challenges remain
in patients with wet AMD. These include, (a) high
treatment and caregiver burden with the need for multiple
injections in the eye potentially over several years of
therapy; (b) rare risk of procedure-related infection; (c)
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high cost of some of the medications; (d) suboptimal or
transient therapeutic effect in a significant proportion of
patients; and (e) partial regression of the initial therapy-
associated visual acuity gains at � 5 years of
treatment.6,8e10 A large proportion of patients need
continued intraocular injections to maintain treatment effect
over many years. At the present time, clinicians are not able
to predict a priori the treatment response or the need for
high treatment burden in a particular patient. As such, there
is a significant unmet need to identify molecular biomarkers
that may accurately identify factors associated with high
treatment burden.

The retina is an immune privileged organ. In neovascular
AMD, CNV allows systemic immune cells a conduit to the
subretinal space, violating ocular immune privilege. Im-
mune cells are a major component of CNV lesion com-
plexes.11 Both cellular and soluble components of the innate
immune system have been implicated in AMD risk and
disease progression. These include polymorphisms in
genes that encode complement cascade proteins5 and
dysregulated myeloid cell immune effector function.8,12

Therefore, immune cells may be an important component
of CNV and play a critical role in the development,
proliferation, and sustenance of CNV lesions, along with
their response to anti-VEGF therapies.

Here, we hypothesized that specific peripheral blood im-
mune cell signatures may be associated with high anti-VEGF
treatment burden. In a cohort of anti-VEGF treatment-expe-
rienced neovascular AMD patients, we examined systemic
immune signatures using single cell RNA sequencing
(scRNAseq) to profile peripheral blood mononuclear cells
(PBMCs). We stratified this cohort into low and high treat-
ment burden groups using criteria based on randomized
clinical trial data7 and assessed for cell type-specific gene
expression trends and whether these were predictive of anti-
VEGF treatment burden. In doing so, we potentially identi-
fied peripheral immune signatures associated with high
anti-VEGF treatment burden. This information may hold
prognostic value by potentially enabling early treatment
stratification and may generate insights into specific immune
mechanisms that contribute to under/nonresponsiveness to
anti-VEGF therapy and can be specifically targeted.
Figure 1. Study scheme. A, Schematic of experimental workflow.
Created in BioRender. B, Histogram showing distribution of anti-VEGF
treatment burden in the patients under study. AMD ¼ age-related
macular degeneration; PBMCs ¼ peripheral blood mononuclear cells;
scRNAseq ¼ single cell RNA sequencing; Tx ¼ treatment.
Methods

Collection of PBMCs From Patients

We obtained informed consent from patients with neo-
vascular AMD (i.e., CNV in � 1 eye) that were undergoing
anti-VEGF therapy for management for their disease. We
identified any patients undergoing immunotherapy, chemo-
therapy, or radiation for autoimmune and immune-mediated
diseases or cancer. We excluded these patients from further
study because these treatments and conditions could affect
circulating immune cells. We drew blood by venous blood
draw into K2EDTA-coated BD Vacutainer Venous Blood
Collection Tubes. To isolate PBMCs, we centrifuged the
blood to isolate the buffy coat and lysed red blood cells to
leave nucleated PBMCs behind. We kept PBMCs in 90%
2

heat inactivated fetal bovine serum (FBS) þ 10% dimethyl
sulfoxide (DMSO) in liquid nitrogen for long-term storage.

scRNAseq of PBMCs

We thawed frozen PBMCs in a 37�C water bath, washed
cells twice in Roswell Park Memorial Institute (RPMI) 1640
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media containing 10% FBS and 200 KU/mL DNase I. We
counted live and dead cells using trypan blue dye exclusion
assay with a Tecan automated cell counter (median cell
viability 69%). We adjusted the total cell concentration to
approximately 700 to 1200 cells/ml. We then performed
scRNAseq on the microfluidic-based 10� Genomics plat-
form according to the manufacturer’s instructions. We used
the Chromium Single Cell 3’v3.1 Reagent Kit. In brief, we
used the 10� Genomics Chromium Controller to separate
cells into individual droplets containing a barcoded gel
bead. Then, we lysed cells and reverse transcribed RNA to
cDNA, broke the emulsion, amplified and fragmented
cDNA, and added Illumina sequencing adapters. We
sequenced the libraries on the Illumina NovaSeq 6000
platform at the McDonnell Genome Institute at Washington
University School of Medicine in St. Louis.
Analysis of scRNAseq Data

Import, Quality Control, and Cell Type Annotation of
PBMC Dataset. We processed the raw FASTQ sequencing
files using CellRanger 4.0.0 with alignment to the
10� Genomics human reference genome (refdata-gex-
GRCh38-2020-A). We imported the filtered count matrices
into Seurat v4,13 and assigned each cell a unique identifier to
prevent overlap of barcodes between different samples.
Using default parameters, we normalized, log-transformed,
and scaled the count matrices to remove unwanted sources
of variation such as discrepancies in sequencing depth.
We identified the top 2000 highly variable genes for
principal component analysis. We integrated across
samples to account for any sample- or experiment-specific
batch effects using the Harmony package.14 We utilized
these harmony embeddings to run uniform manifold
approximation and projection dimensional reduction to 2
dimensions.15 We clustered cells according to the Louvain
algorithm and identified marker genes for each cluster
using Wilcoxon rank sum tests comparing each cluster to
all other clusters. We validated that our manual annotation
Table 1. Patient De

Low T

Number of injections (July 2020eJuly 2021) 2 (0
Total, n
Male
Female

Age 81 (7
BMI 26.5 (1
Geographic atrophy 7
Genetic Risk (Arctic, 0e100) 82 (1
Injections (prior to July 2020) 9 (2
Disease duration (years prior to July 2020) 2 (1
PBMC collection latency after anti-VEGF Tx (days) 63 (1

Median (min - max). BMI ¼ body mass index; PBMC ¼ peripheral blood mo
*c2 test.
yMultiple logistic regression.
zMann Whitney test.
of cell types was consistent with automated annotation
assigned using Azimuth, using the “pbmcref” reference.13

Differential Gene Expression Analysis. To identify
differentially expressed genes for each cell type comparing
control to AMD patients, we used a pseudobulked approach
where gene expression of all cells of a particular cell type
are averaged by patient. Seurat’s differential gene expres-
sion analysis with the FindMarkers function was designed
for sample sizes of 100 to 1000s of cells and uses the
conservative Bonferroni correction. For our pseudobulked
comparisons of 10s of patients, we elected to use a less
stringent approach by use of the unadjusted P values to
determine statistical significance. The usage of
unadjusted P values for pseudobulked scRNAseq datasets
has been previously described.16 We used the top 50 gene
expression trends with unadjusted P values < 0.05.

Gene Expression Signature Scores. We calculated gene
expression signature scores for all PBMCs as well as indi-
vidual scores for each cell population. We summed the |z-
score| of the top 50 gene expression trends.

Pathway Analysis. We performed pathway analysis for
the top 50 gene expression trends in CD16þ monocytes
using Enrichr.17e19
Statistics

Statistical methods for analysis of scRNAseq data are
described in the previous section. We assessed for differences
between the low and high treatment burden groups: for sexwe
used a chi-square test; for age and genetic risk scores we used
amultiple logistic regression; for injections prior to July 2020,
disease chronicity, and for PBMC collection latency we used
ManneWhitney tests. To assess whether the aggregate
PBMC gene expression score was predictive of treatment
burden, we used a simple logistic regression. To assess
whether cell type-specific expression scores were predictive
of treatment burden, we used a simple logistic regression for
each cell type and corrected for multiple comparisons using a
Sidak single-step P value correction.
mographic Data

x Burden High Tx Burden P Value

e5) 7 (6e11)
15 12
6 6 0.60*
9 6
3e93) 76 (64e93) 0.07y

9.1e43.8) 26.9 (17.3e40.2)
/15 5/12
5e99) 89.5 (65e99) 0.42y

e10þ) 10 (4e10þ) 0.03z

e5þ) 4.5 (2e5þ) 0.15z

8e365þ) 41 (4e365þ) 0.15z

nonuclear cell; Tx ¼ treatment.
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Figure 2. Cell heterogeneity of the peripheral blood immune cells in neovascular age-related macular degeneration patients. A, Uniform manifold
approximation and projection (UMAP) plot showing the cell heterogeneity of peripheral blood mononuclear cells. B, Dot plot showing marker gene
expression for each cell type. B ¼ B cell; CD8 T ¼ CD8þ T cells; cDC ¼ classical dendritic cell; CD4 Mem. T ¼ CD4þ memory T cell; CD4 Naive T ¼
CD4þ naive T cell; Mono (CD14) ¼ CD14þ monocyte; Mono (CD16) ¼ CD16þ monocyte; NK ¼ natural killer; pDC ¼ plasmacytoid dendritic cells;
RBC ¼ red blood cells.
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Study Approval

This study adheres to the Declaration of Helsinki and was
approved by the Human Research Protection Office of
Washington University School of Medicine in St. Louis. We
obtained written informed consent from all subjects prior to
enrollment in the study.

Resource Availability

Lead Contact. Further information and requests for re-
sources and reagents should be directed to and will be ful-
filled by the lead contact, Rajendra Apte (apte@wustl.edu).

Materials Availability. This study did not generate new
unique reagents.

Data and Code Availability. Genomic data have been
deposited in the Gene Expression Omnibus under the
following accession number: GSE222647 (scRNAseq). Pa-
tients with neovascular AMD in the low anti-VEGF treat-
ment burden group were: R001, R020, R022, R023, R025,
4

R028, R031, R035, R039, R045, R054, R056, R064, R066,
and R073. Patients with neovascular AMD in the high
treatment burden group were: R007, R008, R014, R018,
R026, R043, R055, R061, R063, R069, R076, and R077.

Results

Patient Characteristics

We recruited patients with neovascular AMD undergoing
anti-VEGF therapy (Fig 1A). Blood samples were collected
from a period of August 2019 to March 2020. These are
patients with chronic, neovascular AMD with a median
disease history of 3 years prior to July 2020 (range:
1e5þ years). Additionally, these are treatment-
experienced patients with a median number of injections
received � 10 prior to July 2020 (range: 2e10þ injections).

In this “prior treatment-experienced group,” we assessed
their current treatment burden by electronic chart review to

mailto:apte@wustl.edu


Figure 3. Cell type-specific gene expression signatures associated with anti-VEGF treatment burden in age-related macular degeneration. Heatmaps for top
50 gene expression trends in CD4 memory T cells (A); CD4 naive T cells (B); CD8 T cells (C); B cells (D); CD14þ monocytes (E); CD16þ monocytes
(F); and natural killer (NK) cells (G). H, Venn diagram showing number of gene expression trends in 1 or > 1 cell types. Tx ¼ treatment.
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Table 2. Cell Type-specific Gene Signatures Predictive of High
Anti-VEGF Treatment Burden

Odds Ratio P Value (Adjusted*)

CD4 Mem. T 1.08 0.07
CD4 Naive T 1.11 0.09
CD8 T 1.05 0.06
B 1.18 0.20
Mono (CD14) 1.20 0.13
Mono (CD16) 1.09 0.04
NK 1.25 0.26

CD ¼ cluster of differentiation; NK ¼ natural killer.
*Adjusted using Sidak single-step method.
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determine the total number of anti-VEGF injections received
in a 12 month period between July 2020 and July 2021 (Fig
1B). Based on the number of injections received from July
2020 to July 2021, we stratified patients into 2 groups as
guided by prior clinical trial data. We based our criteria
on a prior study regarding the average number of anti-
VEGF injections in 1 year when using a pro re nata
approach for making treatment decisions.7 In this
multicenter randomized controlled trial, the “as needed”
treatment arms received an average of 6 to 7 injections
per year.7 Given that all the patients in our cohort were
treated with a similar approach (i.e., as needed based on
Figure 4. Pathways dysregulated in CD16þ monocytes in age-related macular deg
analysis for the top 50 gene expression trends in CD16þ monocytes in AMD patie
Gene Ontology (GO) biological processes (B); and GO molecular functions (
mammalian target of rapamycin; mTORC1 ¼ mammalian target of rapamycin c

6

the presence or absence of fluid), we stratified treatment
burden groups based on an average of 6 injections per
year. The low treatment group received 0 to 5 injections
during that period (n ¼ 15), whereas the high treatment
group received 6 to 11 injections (n ¼ 12).

We first assessed if treatment burden was associated with
disease duration, past number of injections received, age, or
genetic risk (Table 1). There was no difference in disease
chronicity between the low and high treatment groups
(Mann Whitney test, P value ¼ 0.15). The low treatment
burden group had received significantly fewer anti-VEGF
injections than the high treatment burden group prior to
July 2020 (Mann Whitney test, P value < 0.05). We found
that neither age nor AMD Vita Risk genetic score (Arctic
Medical Laboratories) was predictive of high treatment
burden (multiple logistic regression, P value for age ¼ 0.07,
P value for genetic risk score ¼ 0.42).

Anti-VEGF therapy is delivered locally to the eye via
intravitreal injections. The volume delivered is small
compared to total body blood volume (ie, 0.05 mL vs. 5 L,
respectively) and it is unlikely that anti-VEGF agents deliv-
ered locally to the eye would have substantial effects on the
bulk population of peripheral blood immune cells. Nonethe-
less, we compared the latency from anti-VEGF injection to
PBMC collection, which ranged from 4 to > 365 days, and
found that there was no significant difference between the
low and high treatment burden groups (ManneWhitney test,
P value ¼ 0.15).
eneration (AMD) patients with high anti-VEGF treatment burden. Pathway
nts with high anti-VEGF treatment burden including hallmark pathways (A);
C). AKT ¼ protein kinase B; CD ¼ cluster of differentiation; mTOR ¼
omplex 1; PI3K ¼ phosphoinositide 3-kinase; rDNA ¼ ribosomal DNA.
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Systemic Immune Cell Heterogeneity in
Treatment-experienced Wet AMD Patients

To profile circulating immune cells, we isolated PBMCs
from blood samples. We performed scRNAseq on the 10�
Genomics Chromium platform. After filtering out low
quality cells, we obtained gene expression data for 65 863
cells across 36 601 genes. On average, we detected 5358
transcripts and 1616 unique genes per cell. After integration
using Harmony to account for batch effects,14 we identified
11 distinct immune populations based on known cell type
markers (Figs 2A, B and S1AeC). These were: 3
populations of T cells including CD8þ T cells, CD4þ
memory T cells, and CD4þ naïve T cells; natural killer
cells; B cells; 2 populations of monocytes including
CD14þ monocytes and CD16þ monocytes; classical
dendritic cells and plasmacytoid dendritic cells; red blood
cells; and platelets (Fig 2A, B). All cell types were
present in all patient samples, except 1 patient had
0 classical dendritic cells. In general, the cell type
distribution was similar between low and high treatment
burden groups (Fig S1A). Because we were specifically
interested in immune cell signatures, we excluded platelets
and red blood cells from all further analyses. We also
excluded plasmacytoid dendritic cells and classical
dendritic cells due to sparse detection.

Cell Type-specific Immune Cell Transcriptional
Signatures Associated With Anti-VEGF
Treatment Burden

We performed differential gene expression analysis for each
cell type comparing low versus high treatment burden. The
most common approach to scRNAseq analysis treats each
individual cell as an individual replicate, but in this analysis
of highly variable patient samples, this may erroneously
identify gene signatures associated with only 1 to 2 pa-
tients.16 Therefore, we adopted a pseudobulk approach.16,20

This approach involves averaging each cell type’s gene
expression for each patient, enabling the identification of
gene signatures broadly associated with an experimental
group. We then identified differentially expressed genes
for each cell type, comparing the low treatment group and
high treatment group (n ¼ 15 vs. n ¼ 12, respectively).
By treating each patient as a replicate rather than each
individual cell, this pseudobulk approach sacrifices
statistical power. Indeed, there were no genes that passed
adjusted P value < 0.05. In order to cast a wide net to
identify any gene expression trends associated with anti-
VEGF treatment burden in wet AMD, we identified for
each cell type the top 50 genes by fold-change with unad-
justed P-values < 0.05 (Fig 3AeG). Out of the 350 cell
type-specific genes total, there were 301 unique genes (Fig
3H and Table S1). Of these, 259 genes (86%) had
changes that were specific to 1 cell type, highlighting the
utility of scRNAseq to resolve cell-specific gene expres-
sion as compared to bulk methods for studying PBMCs.

To determine whether these gene expression trends are
broadly predictive of treatment burden in wet AMD, we
calculated an aggregate PBMC gene score for each patient.
The PBMC gene score represents the summation of relative
expression (|z-score|) for each of the top 50 cell type-specific
genes (50 z-scores for each of 7 cell types ¼ 350 z-scores
were summed). This total PBMC gene score was a statisti-
cally significant predictor of anti-VEGF treatment burden
(simple logistic regression: odds ratio ¼ 1.02, 95% confi-
dence interval ¼ [1.01, 1.04], P value < 0.05). The odds
ratio of 1.02 indicates that for every 1 increase in PBMC
gene score, which ranged from �346 to þ356, there is a 2%
additional risk for requiring � 6 anti-VEGF injections per
year.

To determine if gene signatures of individual cell types
were predictive of anti-VEGF treatment burden, we calcu-
lated cell type-specific gene scores in a similar manner to the
aggregate score (Table 2). After Sidak correction for
multiple comparisons, only the gene score for CD16þ
monocytes was predictive of treatment burden (simple
logistic regression: odds ratio 1.09, adjusted P
value ¼ 0.04).

Pathway Analysis of CD16þ Monocytes

To determine whether the gene expression trends for
CD16þ monocytes suggested abnormalities in specific
pathways, which may provide insight into the mechanism by
which these immune cells may regulate treatment response
to anti-VEGF agents in neovascular AMD, we performed
pathway analysis using Enrichr for enrichment of hallmark
gene sets, Gene Ontology (GO) biological processes, and
GO molecular function.17e19 Numerous pathways were
enriched, including many potentially relevant to AMD (Fig
4AeC). Of interest, the third highest enriched hallmark gene
set was “complement,” consistent with the known
association between complement factor H genetic variants
and AMD.21e23 Additionally, “cellular response to lipid”
was the seventh highest enriched GO biological process and
“cholesterol binding” and “sterol binding” were the fourth
and seventh highest enriched GO molecular function,
consistent with (1) the fact that drusen are lipid-rich24; (2)
association of polymorphisms in lipid-related genes with
AMD25e31; and (3) a known role for lipid metabolism in
regulating monocyte/macrophage function.12,32,33

Discussion

VEGF antagonists have revolutionized our ability to treat
neovascular AMD.6 Despite these advances, the need for
repeated intraocular injections creates a high treatment
burden that is necessary to maintain the therapeutic effect.
In addition, there is a paucity of molecular biomarkers
that can stratify a priori patients into groups based on low
or high treatment burden. Immune cells are a dominant
component of CNV lesions11 and multiple genome-wide
association studies have implicated polymorphisms in
genes within the immune system with increased AMD risk.5

Here, we use scRNAseq to examine systemic immune cells
in anti-VEGF treatment-experienced patients with chronic,
neovascular AMD that are stratified based on injection
burden into low or high treatment burden groups. In order to
identify gene expression signatures associated with high
7
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treatment burden, we used a pseudobulk approach as pre-
viously described.16 This type of approach sacrifices
statistical power as compared to treating each cell as an
individual replicate. Indeed, using this approach we found
that there were no genes with adjusted P values < 0.05.
However, it is critical to adopt a pseudobulk approach
because it more accurately identifies gene expression
signatures associated across an entire patient group. In this
small proof-of-concept pilot study limited by sample size,
we used unadjusted P values to identify gene expression
trends associated with high treatment burden. We demon-
strate that the gene expression trends of a specific immune
cell, the CD16þ monocyte, was predictive of treatment
burden. This is especially interesting because monocyte-
derived macrophages are the predominant immune cell
type in CNV lesions isolated from patients in the sub-
macular surgery trials and examined by histopathology.11

To identify CD16þ monocyte pathways that may be
relevant to response to anti-VEGF treatment, we per-
formed pathway analysis. Pathway analysis linked the gene
expression trends of CD16þ monocytes with complement
components and lipid & cholesterol metabolism. While
complement activation is linked to AMD risk and progres-
sion, dysregulated lipid and cholesterol homeostasis is
associated with drusen biogenesis.33 Our results suggest a
potential link to how the immune system in AMD may
interface with lipid homeostasis and drusen biogenesis in
the context of anti-VEGF therapy.

One limitation of our study is that there is not a
consensus definition of high treatment burden in AMD. For
our small pilot study, we stratified our patient cohort into
either low or high treatment burden groups based on the
number of injections they received in a 1-year time frame
when clinical management used a pro re nata approach. We
adopted a cutoff of 6 injections per year based on a previous
multicenter randomized controlled trial in which the treat-
ment arm receiving anti-VEGF therapy “as needed”
received on average 6 to 7 injections per year.7 However,
the threshold for high versus low treatment burden
warrants further discussion in studies incorporating a
larger number of patients that may be able to define
treatment burden as a continuous variable while also
directly accounting for the burden of these therapies on
patients and their caretakers.

In the current study, we study peripheral blood immune
cells as a model to evaluate a role for immune cells in AMD
treatment burden, a disease whose manifestations are highly
localized to the eye. This is supported by previous studies
that have demonstrated gene expression signatures of
circulating monocytes that are related to both neovascular
and atrophic AMD.34 Functional assays of peripheral blood
monocytes have also demonstrated deficits in phagocytosis
in AMD.35 Furthermore, a more recent study demonstrated
that there were bulk PBMC gene expression signatures
associated with poor versus good responders to anti-VEGF
therapy in neovascular AMD.36 The results of the current
work build on these past findings by providing insight
8

into the cell type-specific gene expression signatures that
may be associated with treatment response or burden.
Nonetheless, it is likely that hematopoietic immune cells
adopt tissue-specific activation states upon ingress into the
eye. For instance, a recent study demonstrated that in the
subretinal space, monocytes from genetically-at-risk in-
dividuals were more likely to express osteopontin contrib-
uting to monocyte persistence in ocular tissues.37

Furthermore, another study demonstrated that retinal
pigment epithelium and myeloid cells were the most
disease-relevant cell types with accessible chromatin coin-
ciding with genome-wide association studies risk loci,38

further supporting that in situ activation of hematopoietic
immune cells potentially mediated by local ocular cells
may be critically relevant in AMD. Taken together with
these previous studies, our current findings suggest that
CD16þ monocytes warrant further investigation in the
context of AMD, especially their role when localized to
ocular tissue. Furthermore, our findings do not necessarily
exclude a role for other immune cells in AMD or in
disease response to anti-VEGF therapy since peripheral
blood gene expression may not reflect expression or func-
tions when cells are located in ocular tissue.

Nonetheless, this precision medicine-based molecular
approach to examining the role of cellular components of
the immune system provides potential evidence to suggest
a nexus between the gene expression pattern of peripheral
blood CD16þ monocytes and neovascular AMD treat-
ment burden. Our findings warrant further validation of
this type of analysis using a larger cohort of patients.
Future studies that investigate the specific genes whose
expression is altered in CD16þ monocytes may identify
novel therapeutic targets for patients with neovascular
AMD that complement current approaches and potentially
reduce the treatment burden while improving visual
outcomes.
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