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Abstract

Intravitreal anti-vascular endothelial growth factor (VEGF) drugs have revolutionized the 

treatment of neovascular age-related macular degeneration (NVAMD). However, many patients 

suffer from incomplete response to anti-VEGF therapy (IRT), which is defined as (1) persistent 

(plasma) fluid exudation; (2) unresolved or new hemorrhage; (3) progressive lesion fibrosis; 

and/or (4) suboptimal vision recovery. The first three of these collectively comprise the problem 

of persistent disease activity (PDA) in spite of anti-VEGF therapy. Meanwhile, the problem of 

suboptimal vision recovery (SVR) is defined as a failure to achieve excellent functional visual 

acuity of 20/40 or better in spite of sufficient anti-VEGF treatment. Thus, incomplete response to 

anti-VEGF therapy, and specifically PDA and SVR, represent significant clinical unmet needs.

In this review, we will explore PDA and SVR in NVAMD, characterizing the clinical 

manifestations and exploring the pathobiology of each. We will demonstrate that PDA occurs 

most frequently in NVAMD patients who develop high-flow CNV lesions with arteriolarization, 

in contrast to patients with capillary CNV who are highly responsive to anti-VEGF therapy. 

We will review investigations of experimental CNV and demonstrate that both types of CNV 

can be modeled in mice. We will present and consider a provocative hypothesis: formation of 

arteriolar CNV occurs via a distinct pathobiology, termed neovascular remodeling (NVR), wherein 

blood-derived macrophages infiltrate the incipient CNV lesion, recruit bone marrow-derived 

mesenchymal precursor cells (MPCs) from the circulation, and activate MPCs to become vascular 

smooth muscle cells (VSMCs) and myofibroblasts, driving the development of high-flow CNV 

with arteriolarization and perivascular fibrosis. In considering SVR, we will discuss the concept 

that limited or poor vision in spite of anti-VEGF may not be caused simply by photoreceptor 

degeneration but instead may be associated with photoreceptor synaptic dysfunction in the 

neurosensory retina overlying CNV, triggered by infiltrating blood-derived macrophages and 

mediated by Müller cell activation Finally, for each of PDA and SVR, we will discuss current 

approaches to disease management and treatment and consider novel avenues for potential future 

therapies.
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1. Introduction

Neovascular age-related macular degeneration (NVAMD) remains the leading cause of 

severe vision loss in the elderly (Congdon et al., 2004; Pennington and DeAngelis, 2016). 

NVAMD affects 5% of individuals age 70 or older, and over 15 million people worldwide 

are affected by the disease, with this number forecasted to double by the year 2050 with the 

growth of the elderly population (National Eye Institute, 2020). NVAMD is characterized by 

the onset, formation, and growth of pathologic macular neovascularization (MNV), manifest 

as either neovascularization originating from the subjacent choriocapillaris into Bruch’s 

membrane and subretinal space, choroidal neovascularization (CNV), or neovascularization 

originating from the retinal circulation, retinal angiomatous proliferation (RAP) or Type 3 

MNV. In this review, the consensus clinical terminology of MNV (Spaide et al., 2020) will 

be used when broadly referring to NVAMD disease; specific terminologies, especially CNV, 

will be used to refer to specific types of neovascularization.

Intravitreal drugs directed against vascular endothelial growth factor (VEGF-A, or VEGF), 

including ranibizumab, bevacizumab, aflibercept, and brolucizumab, have revolutionized 

the treatment of NVAMD. Clinical trial data for these drugs as a class have consistently 

demonstrated that regular, ongoing treatment, administered by monthly, “treat-and-extend” 

or pro re nata (PRN, or “as needed”) regimens, can produce, on average, significant 

improvement in vision (i.e., defined as gain of three or more lines of visual acuity) for 

approximately 30–35% of NVAMD patients (Brown et al., 2006; Rosenfeld et al., 2006; 

Martin et al., 2011; Heier et al., 2012; Dugel et al., 2020a).

Because of the efficacy of anti-VEGF treatment, it is frequently assumed that, for the 

majority of patients with NVAMD, these drugs stabilize disease progression, restore vision 

and prevent progressive vision loss. In fact, this is not the case. Many patients suffer from 

incomplete response to anti-VEGF therapy, which is defined as (1) persistent (plasma) 

fluid exudation, as evident by optical coherence tomography (OCT) and/or fluorescein 

angiography (FA); (2) unresolved or new hemorrhage; (3) progressive lesion fibrosis; and/or 

(4) suboptimal vision recovery. The first three of these, unresolved fluid, hemorrhage, and 

progressive fibrosis, collectively comprise the problem of persistent disease activity (PDA) 
in spite of anti-VEGF therapy. PDA affects up to 50% of NVAMD patients even after 

sustained treatment for 1 year, with specific rates varying according to specific choice and 

dosage of anti-VEGF agent (Martin et al. 2011, 2012; Heier et al., 2012). PDA is associated 

with both increased treatment burden (frequent monthly injections) and with increased risk 

of long-term vision loss (Ying et al., 2014). Meanwhile, the problem of suboptimal vision 
recovery (SVR) is defined as a failure to achieve excellent functional visual acuity of 20/40 

or better in spite of anti-VEGF treatment, affecting over 60% of NVAMD patients even 
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after sustained treatment for 1 year (Brown et al., 2006; Rosenfeld et al., 2006; Martin et 

al., 2011; Heier et al., 2012; Dugel et al., 2020a). Since the broad goals of modern-day 

treatment for not only NVAMD but for all ocular diseases are to achieve sustainable 

excellent vision (defined as visual acuity of 20/40 or better) for as many patients as possible 

while either restoring ocular health or maintaining disease quiescence (defined as free of 

fluid exudation, hemorrhage, and progressive fibrosis), incomplete response to anti-VEGF 

therapy, and specifically PDA and SVR, represent significant clinical unmet needs.

In this review, we will delve into the clinical problems of PDA and SVR in NVAMD, 

defining and characterizing the clinical manifestations and exploring the pathobiology of 

each. We will demonstrate that PDA occurs most frequently in NVAMD patients who 

develop Arteriolar CNV lesions, in contrast to patients with Capillary CNV who are 

highly responsive to anti-VEGF therapy. We will review investigations of experimental 

CNV, demonstrating that both types of CNV can be modeled in mice, and that formation 

of Arteriolar CNV occurs via a distinct pathobiology, termed neovascular remodeling 

(NVR): blood- derived macrophages infiltrate the incipient CNV lesion, recruit bone 

marrow-derived mesenchymal precursor cells (MPCs) from the circulation, and activate 

MPCs to become vascular smooth muscle cells (VSMCs) and myofibroblasts, driving the 

development of CNV with arteriolarization and perivascular fibrosis. In considering SVR, 

we will discuss the concept that limited or poor vision in spite of anti-VEGF may not be 

caused solely by photoreceptor degeneration and loss but instead may be associated with 

(potentially reversible) photoreceptor synaptic dysfunction. We will review investigations 

of experimental CNV in mice demonstrating that (1) both Müller cell activation and 

photoreceptor synaptic dysfunction develop in neurosensory retina overlying CNV, leading 

to physiologic vision loss; (2) Müller cell activation and synaptic dysfunction are associated 

with recruitment of blood-derived macrophages from retinal vessels into the retina overlying 

CNV, and these phenomena are progressive, extending laterally within the retina along with 

the leading edge of the growing CNV; 3) targeting retina-infiltrating macrophages may 

prevent synaptic dysfunction and physiologic vision loss. Finally, for each of PDA and SVR, 

we will discuss current approaches to disease management and treatment and consider novel 

avenues for therapy, highlighting potential novel targets and mechanisms of action for the 

next generation of NVAMD therapies.

2. Persistent disease activity (PDA) in NVAMD

2.1. Clinical manifestations

PDA in spite of anti-VEGF therapy, which is also known by other terms, such as anti-

VEGF resistant NVAMD or refractory or recalcitrant disease, is defined as (1) persistent 

intraretinal, subretinal, or sub-retinal pigment epithelium (RPE) fluid; (2) persistent or new 

hemorrhage; and/or (3) progressive lesion fibrosis, assessed after initial loading dose (i.e., 

three monthly doses) or after a period of sustained treatment (e.g. 1 year) (Fig. 1). For 

the purposes of this review, we will also include patients with apparent quiescence with 

monthly anti-VEGF loading doses, but who then exhibit recurrent or worsening disease 

activity on attempted extension to longer (e.g., every 6, 8, or 10 week) treatment intervals. 

This is particularly relevant because real-world clinical outcomes are inferior as compared to 
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clinical trial outcomes due to the problem of undertreatment, in which patients receive less 

frequent therapy in practice than they would otherwise receive in a protocol-driven clinical 

trial (Lad et al., 2014); this has been extensively reviewed previously (Mehta et al., 2018). 

Further, as we will discuss in this and the following Sections, this group of patients with 

PDA upon extension shares phenotypic overlap and similar risk for vision loss as patients 

with PDA on monthly therapy, if they are not maintained on long-term monthly injections.

Persistent fluid in NVAMD can manifest in different compartments of the retina, as evident 

by optical coherence tomography (OCT): within the retina (intraretinal fluid), between the 

neurosensory retina and the RPE (subretinal fluid), or subjacent to the RPE (sub-RPE fluid, 

also known as serous pigment epithelium detachment (PED)). Not all types of persistent 

fluid are equivalent. For example, persistent intraretinal fluid is associated with long-term 

vision loss, but persistent subretinal fluid does not necessarily correlate with vision in 

studies of patients receiving regular (i.e., monthly) anti-VEGF treatment (discussed in 

Section 2.1) (Ying et al. 2014, 2018; Sharma et al., 2016; Guymer et al., 2019).

Meanwhile, the management of serous PEDs is controversial (Khanani et al., 2018; Cheong 

et al., 2020). While patients with large vascularized serous PEDs (e.g., those > 400 μm in 

height) were excluded from some clinical trials of anti-VEGF drugs, subsequent studies have 

demonstrated visual gains for NVAMD patients with PEDs following anti-VEGF treatment, 

though presence or size of PED itself does not necessarily correlate with visual acuity 

(Sarraf et al., 2016; Clemens et al., 2020). Another consideration is RPE tear, a complication 

that can cause vision loss in patients with serous PEDs, especially when fovea-involving 

(Ersoz et al., 2017). The spontaneous rate of RPE tear in the natural history of PED 

has been reported between 3 and 12.5% (Casswell et al., 1985; Chuang and Bird, 1988; 

Hartnett et al., 1992; Pauleikhoff et al., 2002), while the rate of RPE tear with anti-VEGF 

therapy has been reported between 2.8% and 24% (Chiang et al., 2008; Lommatzsch et al., 

2009; Smith et al., 2009; Guber et al., 2013). Due to risks of RPE tear, some investigators 

advocate observation without treatment of isolated PEDs or PRN management of persistent 

PEDs, with anti-VEGF administered for recurrent subretinal or intraretinal fluid (Ersoz et 

al., 2017). However, in post-hoc analysis of the aflibercept VIEW2 study, eyes with PED 

suffered loss of visual acuity gains on switch from fixed-interval dosing to flexible PRN 

dosing, with vision loss associated with development of intraretinal fluid (Schmidt-Erfurth et 

al., 2015). Thus, while consensus is lacking, management of serous PEDs in NVAMD must 

balance the risks of undertreatment with the potential risks of RPE tear. In general, active 

fluid in NVAMD represents exudation from leaking aberrant neovessels, which requires 

ongoing follow-up and treatment to prevent vision loss (Martin et al., 2011; Maguire et al., 

2016).

Persistent fluid is surprisingly frequent, with rate of occurrence dependent on both treatment 

regimen and specific choice of anti-VEGF drug. In the Comparison of AMD Treatment Trial 

(CATT), which compared ranibizumab vs. bevacizumab and monthly vs. PRN treatment 

regimens for each drug, rates of persistent retinal fluid were expectedly higher for rigorous 

PRN treatment than for monthly treatment: at 1 year, persistent fluid by OCT was present 

in 71.2% and 79% for ranibizumab PRN and bevacizumab PRN, respectively, while rates 

for ranibizumab monthly and bevacizumab monthly were 53.2% and 70.9%, respectively 
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(Martin et al., 2011). At 2 years, rates of persistent fluid leakage by were similarly higher 

for bevacizumab as compared to ranibizumab, when comparing the same treatment strategy 

(Martin et al., 2012).

Similar data on OCT fluid and FA leakage were observed in the U.K.-based IVAN study 

comparing ranibizumab and bevacizumab (Chakravarthy et al., 2012). In the LUCAS study 

comparing treat-and-extend bevacizumab vs. ranibizumab, the rates of persistent fluid by 

OCT were 53% for bevacizumab and 35% for ranibizumab; moreover, 33% of patients 

receiving ranibizumab and 47% of patients receiving bevacizumab could not be extended 

beyond 4 week treatment interval due to fluid leakage on attempted extension (Berg et al. 

2015, 2016). In the Phase 3 VIEW1/VIEW2 studies of aflibercept, rates of persistent fluid 

by OCT at 1 year were approximately 20% for every 4 week dosing and approximately 

28% for every 8 week dosing (Heier et al., 2012). In the Phase 3 HAWK and HARRIER 

studies of brolucizumab as compared to aflibercept, rates for brolucizumab 6 mg (dosed 

q8/q12 weeks) were 31.2% and 25.8% at 48 weeks in each study, respectively, while 

rates of OCT retinal fluid for aflibercept 2 mg every 8 weeks were 44.6% and 43.9% 

in each study, respectively (Dugel et al., 2020a). While these rates varied across studies, 

these data collectively suggest that persistent fluid in spite of monthly anti-VEGF therapy 

ranges between 25 and 50%, with higher rates for bevacizumab and perhaps lower rates 

for ranibizumab, aflibercept, and brolucizumab. These rates of persistent fluid increase to 

approximately 40–65% when including patients who are unable to extend beyond four-week 

treatment interval due to recurrent fluid (Berg et al. 2015, 2016).

Hemorrhage from neovascularization into retinal tissue, especially subretinal hemorrhage, 

is a disease manifestation of NVAMD that can lead to irreversible vision loss (Avery 

et al., 1996) (Fig. 1C). While the precise mechanisms of tissue damage and vision 

loss are not definitively established, they may include direct toxic effects of iron on 

photoreceptors and RPE, physical separation of the photoreceptors from the RPE causing 

indirect damage to both cell types, and fibrin-blood clot damage to tissue architecture (Glatt 

and Machemer, 1982; Toth et al., 1991; He et al., 2007). Regular treatment with anti-VEGF 

therapy reduces the risk of new and recurrent hemorrhage in NVAMD, presumably by 

stabilizing tight junctions between endothelial cells and improving structural integrity of 

neovessels (Altaweel et al., 2015). However, as demonstrated in the ranibizumab ANCHOR 

and MARINA studies, the rate of hemorrhage in spite of ongoing monthly anti-VEGF 

therapy was not insignificant, at 8.0–8.8%, suggesting that other mechanisms beyond 

VEGF-mediated neovessel permeability may also promote hemorrhage (Brown et al., 2006; 

Rosenfeld et al., 2006). Notably, rates of hemorrhage increase in the setting of less intensive 

anti-VEGF treatment regimens. The PIER study evaluated the efficacy of quarterly (every 

three month dosing) with ranibizumab 0.5 mg or ranibizumab 0.3 mg following loading dose 

with three initial monthly injections in each treatment arm, as compared to sham treatment 

(Regillo et al., 2008). Rates of hemorrhage for the quarterly-ranibizumab treatment arms of 

PIER (23.7% for the 0.3 mg arm and 28.3% for the 0.5 mg arm) were nearly three times the 

rate seen with monthly treatment in ANCHOR and MARINA and were not different than the 

rate for the sham control group of PIER (22.4%) (Barbazetto et al., 2010).
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Progressive fibrosis, or aberrant deposition of connective tissue typically in the subretinal 

or subRPE space, is evident as scar formation by clinical exam (Fig. 1C) and dense 

hyperreflective thickening by OCT and can be evident as progressive lesion growth by FA 

(Fig. 1B). Progressive fibrosis also occurs with surprising frequency in NVAMD. Fibrotic 

scars developed in 24.7% of all eyes treated in the CATT study, regardless of treatment 

regimen, with increased risk of scar associated with baseline characteristics of Type 2 MNV 

(i.e., predominantly classic CNV) leakage pattern, larger lesion size, increased foveal retinal 

thickness, subretinal fluid, and presence of subretinal hyperreflective material (SHRM) on 

OCT (Daniel et al., 2014). Also, in CATT, mean growth in lesion size by FA was +1.6, 

+1.9, and +3.0 mm2 for bevacizumab monthly, ranibizumab PRN, and bevacizumab PRN, 

respectively, indicating that a high percentage of eyes continued to remain active with 

ongoing fibrovascular tissue growth, reflective of the high rate of observed scar formation 

(Martin et al., 2012).

To assess the rate of PDA among NVAMD patients in a real-world clinical practice and 

to better understand the extent or relative severity of PDA, we performed analyses of 

response to anti-VEGF therapy among NVAMD patients at the Duke Center for Macular 

Diseases. We developed the Duke Disease Activity Severity Scale to comprehensively 

assess intraretinal fluid, subretinal fluid, and subRPE fluid by OCT; lesion activity by 

FA, and hemorrhage by color fundus photography (Table 1). We categorically graded 

each metric of PDA as mild, moderate, or severe and defined the presence of moderate-

to-severe PDA or progressive disease (worsening in one or more metrics) as clinically 

significant. In retrospective analyses of NVAMD patients treated with bevacizumab or 

ranibizumab using treat-and-extend, we found that the rates of moderate to severe PDA/

progressive disease were 25% among patients with Type 2 MNV, 41% among patients 

with Type 1 MNV, and 61% among patients with serous pigment epithelium detachment 

(PED), following 1 year of treatment (Lad et al., 2012; Mettu et al., 2012a; Serrano et 

al., 2012). We have also performed a prospective, open-label study of treatment response 

among newly diagnosed, previously treatment-naïve NVAMD patients, the PERSIST study 

(ClinicalTrials.gov NCT02367365), and we observed that the rates of moderate to severe 

PDA/progressive disease was 24.5% among all NVAMD patients receiving aflibercept on 

a treat-and-extend basis (Mettu et al., 2016). These findings suggest that the prevalence 

of PDA in spite of treat-and-extend anti-VEGF therapy in a real-world NVAMD clinical 

practice largely mirror those observed in prospective clinical trials of intravitreal anti-VEGF 

agents.

2.2. Relationship between disease activity and vision

2.2.1. Effects of PDA on vision outcomes—Intuitively, PDA should be associated 

with worse long-term vision outcomes, and there is considerable evidence to support 

this concept. In the PIER study (described above), mean visual acuity gains achieved by 

month 3, following loading dose with three initial monthly ranibizumab injections, were 

not sustained following switch to quarterly treatment (Regillo et al., 2008). In subgroup 

analysis of the PIER study, patients with PDA by OCT and FA at month 3, after ranibizumab 

loading dose, had a cumulative mean net loss of −1.8 letters at month 12. In comparison, 

patients with quiescent disease at month 3 had a cumulative mean net gain of +10.2 
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letters at month 12 (Brown et al., 2013a). Similarly, in the VIEW1 and VIEW2 phase 3 

studies of aflibercept, patients in one study group were switched to every 8 week treatment 

with aflibercept following loading dose with three monthly aflibercept, while patients in 

another study group received every month treatment for the duration of the study. Patients 

manifesting PDA at month 3 following loading dose had less robust gains in visual acuity 

upon switch to every 8 week treatment, as compared to patients with PDA following loading 

dose who continued to receive every 4 week treatment (Jaffe et al., 2016). Collectively, these 

data indicate that PDA has significant and negative consequences for vision, particularly in 

the setting of less frequent dosing regimens.

Consistent with these findings, the HORIZON and SEVEN-UP studies, ranibizumab trial 

extension studies, found that a switch to treatment at physician discretion without a regular 

or protocol-defined treatment regimen led to progressive loss of mean visual acuity gains in 

the five years following the clinical trial period, decreasing from mean + 11.2 letters after 2 

years of monthly therapy to mean − 8.2 letters at year 7 (five years later), in association with 

a high rate of persistent fluid (67.8%), hemorrhage (24.1%), and macular fibrosis (61.4%) 

(Singer et al., 2012; Rofagha et al., 2013). Similar findings of progressive loss of vision 

gains and PDA in the setting of undertreatment were also observed in long-term follow-up 

studies of patients in the CATT and IVAN studies (Evans et al., 2020; Maguire et al., 2016).

In analyses of the ANCHOR and MARINA Phase 3 ranibizumab studies, increased total 

MNV lesion area at month 24 was associated with 3-line loss in visual acuity (Rosenfeld et 

al., 2011). Meanwhile, several manifestations of PDA, including lesion growth, progressive 

fibrosis, hemorrhage, and intraretinal fluid, were associated with sustained significant vision 

loss in the CATT study (Ying et al., 2014). These data highlight that certain manifestations 

of PDA are directly associated with worse vision outcomes.

Not all manifestations of PDA influence visual outcomes equally, however (as noted in 

Section 2.1). Persistent subretinal fluid was not associated with vision loss in the CATT 

study (Ying et al. 2014, 2018). In fact, a number of eyes with persistent subretinal fluid 

sustained better visual outcomes over the course of the study, raising the possibility that 

subretinal fluid might somehow be beneficial to vision and prompting some investigators 

to question whether the presence of subretinal fluid should be an indication for anti-VEGF 

treatment (Sharma et al., 2016; Arnold et al., 2016). However, findings of the CATT study 

do not support the conclusion that persistent subretinal fluid should be tolerated without 

treatment. Since the presence of subretinal fluid was a criterion for treatment in the PRN 

study groups, all patients with persistent subretinal fluid (whether in PRN or fixed monthly 

treatment groups) continued to receive ongoing monthly treatment in CATT. Subsequently, 

the FLUID study has compared tolerating subretinal fluid in a treat-and-extend pattern 

(allowing for longer interval between treatments even if a small amount of subretinal fluid 

was present), vs. more aggressive treatment without extension of treatment interval when 

subretinal fluid was present (Guymer et al., 2019). The study found that visual acuity 

outcomes were comparable between the two treatment groups at 24 months; tolerating 

subretinal fluid was not associated with better or worse vision outcomes. Additionally, the 

subretinal fluid-tolerant arm received an average of just 1.2 fewer injections over 24 months, 

as compared to the intensive treatment arm, suggesting that a treatment strategy tolerating 
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subretinal fluid has only a modest effect on the number of needed treatments. The FLUID 

study did affirm the conclusion that subretinal fluid may not have negative consequences 

for vision as long as patients continue to receive ongoing anti-VEGF treatment. Importantly, 

these data do not controvert the overarching conclusion that PDA is associated with a 

requisite high treatment burden and an increased risk of long-term vision loss in affected 

patients.

2.2.2. Subclinical nonexudative MNV in AMD—Subclinical nonexudative MNV is 

defined as the presence of an asymptomatic neovascular lesion without active exudation or 

leakage (Kuehlewein et al., 2015; Palejwala et al., 2015; Roisman et al., 2016; Laiginhas 

et al., 2020). Historically, the phenomena of inactive “occult” CNV lesions by FA, 

corresponding to late-staining “plaques” by traditional static indocyanine green angiography 

(ICGA), has been described (Baumal et al., 1997; Schneider et al., 1997). However, the 

prevalence, natural history, and clinical significance of nonexudative MNV has not been well 

characterized until recently (Querques et al., 2013; de Oliveira Dias et al., 2018; Narita et 

al., 2020), with the emergence of OCT angiography (OCTA) technologies (Borrelli et al., 

2018; Spaide et al., 2018). Among patients with unilateral, active exudative NVAMD, the 

prevalence of subclinical nonexudative MNV in fellow eyes varies among case series but has 

been reported to range from 6.25% up to 27%. (Palejwala et al., 2015; Roisman et al., 2016; 

Yanagi et al., 2017; de Oliveira Dias et al., 2018). The presence of subclinical nonexudative 

MNV, as detected by swept-source OCTA (SS-OCTA), is associated with a substantially 

higher 24-month risk of active exudative NVAMD disease (up to 13.6 times greater), as 

compared to AMD eyes without MNV (Yang et al., 2019). Further, while the presence of 

the nonexudative MNV lesion itself is not typically associated with compromise of visual 

function or vision loss in the absence of exudation (Laiginhas et al., 2020), the incidence 

of exudation from the time of first detection of subclinical MNV is 20–21.1% by 12 

months and up to 34.5% by 24 months, highlighting the importance of frequent monitoring 

for exudative disease among these patients (de Oliveira Dias et al., 2018; Heiferman 

and Fawzi, 2019; Yang et al., 2019). On the other hand, many eyes with nonexudative 

MNV remain inactive, while a subset of previously treated exudative MNV can become 

quiescent or “silent” and not require ongoing maintenance treatment (von der Emde et 

al., 2020). The conversion of inactive nonexudative MNV to active exudative MNV and 

spontaneous inactivation or quiescence of previously exudative MNV suggest the existence 

of specific mechanisms that regulate the biology, and particularly the exudative activity, of 

the neovascular lesion. One such potential pathogenic mechanism for CNV activity may 

be the activation of choroidal endothelial cells (CEC) by inflammatory mediators such as 

TNF-α (derived from macrophages or RPE), resulting in loss of CEC tight junctions and 

increased exudation as well as increased CEC proliferation and migration (Wang et al., 

2015). Strategies to downregulate EC activation and promote EC tight junction formation at 

the CNV complex, such as by increased Rap1 GTPase activity or overexpression (Wang et 

al., 2015), could represent drug-able pathways or targets to promote sustained normalization 

or inactivity of MNV. This could in turn substantially improve treatment efficiency and 

outcomes and reduce treatment burden associated with intravitreal anti-VEGF injections.
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Such strategies are particularly intriguing, as several studies have now demonstrated that 

eyes with subclinical nonexudative MNV have lower rates of progression of adjacent 

geographic atrophy (GA) foci, as compared to eyes with comparable GA foci without MNV 

(Heiferman and Fawzi, 2019; Laiginhas et al., 2020). These intriguing data suggest the 

possibility that the presence of MNV could be protective against progressive atrophic AMD 

disease in a subset of eyes, perhaps by providing metabolic support to the retina through 

improved outer retinal circulation (Spaide, 2015). In such cases, strategies to normalize 

active, exudative MNV to inactive, nonexudative MNV would be especially desirable.

2.3. Paradigms for PDA in NVAMD

Several paradigms have been put forth to understand the basis for PDA and anti-VEGF 

resistance. While a detailed discussion of each is beyond the scope of this review, we will 

briefly review them here.

2.3.1. Loss of drug effectiveness—Loss of drug effectiveness is defined as 

recurrence or worsening of NVAMD disease activity following an initial positive anatomical 

and vision response in spite of continuation of therapy with a specific anti-VEGF drug. 

The assumption underlying this phenomenon is that a change of biological responsiveness 

to anti-VEGF therapy occurred within the NVAMD lesion (i.e., activation of alternative 

permeation pathways, tachyphylaxis, drug tolerance, etc.).

This phenomenon is uncommon among cases where complete disease quiescence is 

achieved during initial loading dose. Fauser and colleagues assessed the intra-individual, 

long-term variability of drug efficacy and treatment interval among patients with suppressed, 

quiescent disease, and have observed that the drug efficacy and effective treatment interval 

generally remain constant over time, for both ranibizumab and aflibercept (Muether et 

al., 2013; Fauser et al., 2014; Fauser and Muether, 2016; Enders et al., 2016). Eghoj and 

Sorensen analyzed a large retrospective cohort of NVAMD and found only a 2% rate of 

loss of drug efficacy following primary inactivation of MNV (Eghoj and Sorensen, 2012). 

Analyses of treat-and-extend studies, such as the TREX-AMD study, have affirmed these 

findings, particularly with respective to a constant efficacious treatment interval (Wykoff 

et al. 2015, 2018). Accordingly, many cases of apparent loss of drug effectiveness actually 

may be cases of subtherapeutic dosing, resulting in worsening of incompletely controlled 

NVAMD upon premature extension (see subtherapeutic dosing section below).

One potential cause of authentic loss of drug effectiveness is upregulation of other soluble 

mediators of exudation, following sustained exposure to anti-VEGF drug. For instance, it 

has been shown that repeated exposure to bevacizumab can be associated with increased 

levels of VEGF-C and VEGF-D in the aqueous humor of eyes of NVAMD patients. 

Increased expression of these other mediators could mediate leakage in spite of adequate 

levels of functional drug targeting VEGF-A, producing an apparent loss of drug effect upon 

continued exposure to that anti-VEGF drug of interest (Cabral et al., 2018). Based on these 

data and general rationale, efforts are underway to develop a novel VEGF-C/D “Trap” fusion 

protein drug (OPT-302, Opthea), to be administered in combination with anti-VEGF(-A) 

drugs, to reduce PDA and improve vision response (Dugel et al., 2020b).
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Another potential cause of loss of drug effectiveness is the development of anti-drug 

neutralizing antibodies directed against anti-VEGF biologics (especially ranibizumab and 

bevacizumab, which are humanized mouse antibodies), as part of a systemic immune 

response that develops with repetitive treatment. In the MARINA Phase 3 ranibizumab 

study, the rate of anti-ranibizumab neutralizing antibodies in the sera of study participants 

at baseline was 0.9% in the group receiving ranibizumab 0.3 mg, 0% in the ranibizumab 

0.5 mg group, and 0.5% in the sham injection group (Rosenfeld et al., 2006). Following 

24 months, rates of anti-ranibizumab antibodies were 4.4% in the 0.3 mg group, 6.3% 

in the 0.5 mg group, in comparison to 1.1% in the sham injection group, though the 

titers of neutralizing antibodies was not reported (Rosenfeld et al., 2006). Exploratory 

subgroup analyses of MARINA did not identify a significant difference in safety and 

efficacy outcomes between patients with and patients without anti-ranibizumab antibodies. 

Forooghian and colleagues performed a pilot study in NVAMD patients, collecting sera from 

patients who were treated with intravitreal bevacizumab and who exhibited loss of drug 

effectiveness (n = 11), comparing to a control group (n = 12) comprised of both NVAMD 

patients naïve to bevacizumab and NVAMD patients who had received bevacizumab but 

did not develop loss of drug effectiveness (Forooghian et al., 2011). The authors found that 

both groups had relatively low titers of anti-bevacizumab antibodies (5–20 pg/mL), with the 

loss of drug effectiveness patient group having a slightly higher mean anti-bevacizumab titer 

(13.6 ± 4.7 pg/mL) than the control patient group (10.9 ± 4.9 pg/mL), with a trend toward 

statistical significance (Forooghian et al., 2011). The clinical significance of this finding 

was unclear, and it remains uncertain whether (and to what extent) neutralizing antibodies 

against anti-VEGF drugs contribute to loss of drug effectiveness in practice.

Many investigators have cited tachyphylaxis or tolerance to a given anti-VEGF drug as 

potential causes of PDA (Binder, 2012; Eghoj and Sorensen, 2012; Hara et al., 2019), which 

is largely based on studies showing that switching to a different anti-VEGF drug can be 

associated with improved short-term treatment response (Fassnacht-Riederle et al., 2014; 

Ehlken et al., 2014; Ashraf et al., 2018). In pharmacology, tachyphylaxis classically refers 

to an acute and rapidly diminishing responsiveness to successive doses of a drug; it occurs 

in cardiac or respiratory systems, where there is downregulation of a receptor targeted by a 

drug (e.g., beta-blockers) or in central nervous system where neurotransmitters or receptors 

targeted by a drug are depleted or downregulated. Tachyphylaxis can be overcome by a 

drug “holiday” (holding the drug for a period of time), or by extending the interval between 

successive treatments. Neither strategy has been proven to improve the observed efficacy 

of an anti-VEGF drug and in fact is likely to worsen disease. Therefore, tachyphylaxis 

is unlikely to be a cause of PDA (Arjamaa and Minn, 2012). Tolerance refers to loss of 

responsiveness of a biological system to a drug following repeat exposure, due to a change 

in the interaction between the drug and its target. However, tolerance typically does not 

occur in an interaction between a neutralizing antibody/fusion protein (anti-VEGF drug) and 

its target antigen (VEGF). Thus, likewise, tolerance is unlikely to be a cause of PDA.

2.3.2. Subtherapeutic dosing—Another cause of PDA might be subtherapeutic 

dosing, defined as an insufficient amount of drug available to target and bind VEGF at the 

new vessel and adjacent retinal tissue, resulting in continued biologic activity. An obvious 
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subgroup in this category would be cases in which an over-aggressive extension of the 

treatment interval between injections was done before achieving complete quiescence to the 

initial loading doses, resulting in worsening of fluid or new hemorrhage (Regillo et al., 2008; 

Barbazetto et al., 2010; Brown et al., 2013a).

Some investigators have postulated that a subset of NVAMD cases demonstrate PDA as 

a result of progressively increased VEGF(-A) expression at the new vessel that exceeds 

the amount of bioavailable drug, or as a result of increased expression of VEGF receptors 

within MNV tissue, which enables continued PDA even at low VEGF tissue levels (Binder, 

2012). However, this phenomenon has not been definitively established in NVAMD patients 

(Muether et al., 2012).

Increasing the dosage of administered drug has been employed as a strategy to address 

subtherapeutic dosage. The HARBOR study did not find that high-dose ranibizumab 2.0 

mg was superior to ranibizumab 0.5 mg for visual acuity gains among newly diagnosed 

NVAMD patients (Busbee et al., 2013). However, smaller investigator-initiated studies such 

as the SAVE trial and the LAST study have specifically evaluated high-dose ranibizumab 2.0 

mg in NVAMD patients with PDA in spite of ranibizumab 0.5 mg and have demonstrated 

that higher dosage can produce improved treatment response in some patients with PDA 

(Fung et al., 2012; Brown et al., 2013b). Similarly, higher dose aflibercept 4.0 mg has been 

shown to improvement treatment response in some patients with PDA (You et al., 2018). 

However, the long-term benefit of high-dose treatment is unclear and it is unknown whether 

higher dosage in this setting is addressing a problem of subtherapeutic dosing, as we have 

defined, or suboptimal pharmacokinetics (PK), which is defined as a failure to durably 

maintain target tissue levels of the drug as it is cleared from the posterior segment of the eye 

(Del Amo et al., 2017). Cases of PDA attributable to suboptimal PK represent a minority 

of patients. However, this problem could also be addressed by more frequent dosing, or 

with sustained released technologies for continuous dosing of anti-VEGF drug, such as 

the ranibizumab port delivery system, which is presently in late-stage clinical development 

(Campochiaro et al., 2019).

2.3.3. Pharmacogenetics and genetic determinants of anti-VEGF 
responsiveness—Some investigators have proposed that genetic variants may be 

associated with response to anti-VEGF therapy. Studies evaluating polymorphism rs1061170 

(T1277C, Y402H) in complement factor H (CFH) suggest that patients who are homozygous 

for the variant risk C allele (CC genotype) have higher rate of PDA as compared to 

homozygous for T-allele (TT genotype) (Chen et al., 2012). In a separate study, patients 

homozygous for the CFH Y402H risk allele required an increased number of injections, 

suggesting the possibility of an association with PDA (Lee et al., 2009). The biological basis 

for these genetic associations remains highly speculative but could be related to alterations 

in local ocular or systemic inflammatory phenotype or to variations in pharmacogenomics. 

Meanwhile, studies of NVAMD patients in CATT did not find a relationship between anti-

VEGF treatment response and genotypes known to be associated with AMD ((rs1061170 

(CFH), rs10490924 (ARMS2), rs11200638 (HTRA1), and rs2230199 (C3)) (Hagstrom et 

al., 2013) or with VEGF-A or VEGFR2 gene polymorphisms (Hagstrom et al., 2014).
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2.3.4. Heterogeneity of NVAMD pathobiology—While VEGF is clearly a master 

factor for new vessel formation and for microvascular exudation, it is certainly not 

the only factor or active disease mechanism in NVAMD. Our preferred paradigm for 

PDA is that observed resistance to anti-VEGF therapy is caused by heterogeneity of 

NVAMD pathobiology, wherein anti-VEGF responsive cases reflect a predominance of 

VEGF-mediated disease mechanisms, and cases with PDA reflect the presence of other 

pathobiology mechanisms beyond VEGF. While heterogeneity of NVAMD pathobiology 

represents our preferred paradigm based on our established lines of investigation, the 

paradigms previously discussed are not necessarily mutually exclusive, and we do not 

discount the potential contributions of these other paradigms as additional causes of PDA. In 

the remaining sections, we will review available data from clinical studies and investigations 

of experimental CNV that support the paradigm of heterogeneity of NVAMD pathobiology.

2.4. Pathobiology of PDA: lessons from the clinic

Over the past decade, numerous clinical trials have assessed the potential of adjunctive 

treatments to be administered in combination with anti-VEGF drugs to improve clinical 

outcomes, particularly for patients with PDA, and the vast majority have failed. Without 

knowledge of the pathobiology of anti-VEGF resistant disease, the rationale for developing 

disease-relevant combotherapy strategies remains highly speculative, increasing the risk for 

such development failures.

The clinical pathobiology of NVAMD is frequently assumed to be uniformly caused by 

formation of pathologic new capillaries under the retina (Green, 1999). Contrary to this 

assumption, we and others have observed that the vascular morphology (and therefore 

the pathobiology) of NVAMD is highly variable and heterogeneous (Cousins et al., 2008; 

Bearelly et al., 2008; Lad et al., 2012; Mettu et al. 2012a, 2016; Serrano et al., 2012; 

Kokame et al. 2019a, 2019b). These variations can be readily imaged clinically by 

indocyanine green angiography (ICGA). Traditionally, NVAMD is classified by fluorescein 

angiography (FA) leakage patterns (i.e., Type 1 MNV (historically defined as occult), Type 

2 MNV (historically defined as classic), serous PED with MNV). Water-soluble fluorescein 

dye tracks with exudation, identifying areas of pathologic leakage. Highly protein-bound 

ICG remains mostly intravascular, facilitating visualization of vascular morphology and 

blood flow. Because ICG fluoresces in near infrared, it can be imaged through the retinal 

and choroidal pigment. Historically, its poor fluorescence efficiency has limited it routine 

use for NVAMD by retina specialists; however, the use of technological advancements 

such as scanning laser ophthalmoscopy and rapid frame acquisition greatly enhanced ICGA 

image resolution and thereby improved its utility in modern clinical practice.

Our group has had a longstanding interest in using high-speed, video ICGA to identify and 

characterize the morphology of the pathologic new vessel among patients with NVAMD and 

routinely employ ICGA in the diagnostic evaluation of NVAMD patients at the Duke Center 

for Macular Diseases (Cousins et al., 2008; Bearelly et al., 2008; Lad et al., 2012; Mettu 

et al. 2012a, 2016; Serrano et al., 2012). In retrospective cohort studies and the prospective 

PERSIST study, we have identified at least six distinct morphologic phenotypes (Fig. 2): 

1) Arteriolar pattern; 2) Capillary pattern; 3) Mixed Capillary-Arteriolar; 4) Polypoidal 
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choroidal vasculopathy with Branching vascular network (PCV); 5) Retinal angiomatous 

proliferation (RAP), or Type 3 MNV; and 6) Choroidal leak syndrome (CLS, also referred 

to as pachychoroid). Arteriolar pattern (Fig. 2A) is characterized by high flow through large-

caliber feeder artery, many branching arterioles, and terminal vascular anastomotic loops but 

minimal capillary components. The branching arterioles are frequently associated with an 

intermediate reflectivity PED by OCT, consistent with perivascular fibrosis (i.e., increased 

extracellular matrix deposition around vascular components). In contrast, Capillary pattern 

(Fig. 2B) is evident as a relatively slow filling, discrete homogenous focus of microvessels 

(the structure of which is beyond the resolution of ICGA). The Mixed Capillary-Arteriolar 

pattern (Fig. 2C) shares features of both phenotypes, with capillary morphology arising from 

discernible arteriole(s).

PCV (Fig. 2D) is comprised of aneurysmal, vascular dilatations, frequently in association 

with a high-flow, variably organized network of branching arterioles, sharing some overlap 

in morphologic features with the Arteriolar Pattern. While PCV is a well-known form 

of MNV that was initially described by Yannuzzi as a distinct clinical entity (Yannuzzi, 

1982; Yannuzzi et al., 1990), it has been increasingly recognized as a subtype of NVAMD. 

Classically thought to be more common in Asians and in African-Americans, we have 

observed a high rate of PCV in our patient populations that are predominantly white, 

with PCV accounting for nearly 20% of newly diagnosed NVAMD patients in our patient 

series. This is consistent with the findings of other investigators in recent studies of white-

predominant populations, with PCV prevalence rates ranging from 21.5% to 31.1% (Hatz 

and Prunte, 2014; Pereira et al., 2015), suggesting that PCV may be underdiagnosed due to 

lack of routine clinical use of ICGA (which is the gold standard for PCV diagnosis).

Among newly diagnosed NVAMD patients prior to anti-VEGF treatment, the Capillary 

and Mixed Capillary-Arteriolar patterns together account for just 20% of NVAMD cases. 

In contrast, patients with Arteriolar pattern, account for approximately 35% of NVAMD, 

with along with PCV, together comprise approximately 55% of NVAMD (Lad et al., 2012; 

Mettu et al. 2012a, 2016; Serrano et al., 2012). Type 3 MNV, or RAP, (Fig. 2E), initially 

described by Hartnett and colleagues in 1992 (Hartnett et al., 1992) and further characterized 

by video ICGA by Hartnett in 1996 (Hartnett et al., 1996), accounts for approximately 10% 

of cases; and CLS, or pachychoroid (Fig. 2F) (Cheung et al., 2019), apparent as choroidal 

neovascular remodeling, transient hot spots, and late choroidal hyperpermeability by ICGA 

with subretinal fluid variable sub-RPE thickening by OCT, accounts for 10% of cases. Five 

percent of cases have no discernible morphologic pattern.

In the retrospective analyses as well as the prospective PERSIST study, we assessed the 

relationship between neovascular morphologic subtype and treatment response (Lad et 

al., 2012; Mettu et al. 2012a, 2016; Serrano et al., 2012). We have observed that eyes 

with capillary and mixed capillary-arteriolar subtype are highly responsive to anti-VEGF 

therapy and rarely exhibit PDA (<3% of cases) (Figs. 3 and 4). In contrast, eyes with 

Arteriolar pattern or PCV exhibit manifestations of PDA in approximately 60% of cases 

and comprise the vast majority of anti-VEGF resistant disease. We have observed that 

Arteriolar pattern lesions with high flow are more likely to exhibit PDA, suggesting that 

hemodynamics of high blood flow may mediate aspects of PDA, especially persistent fluid 
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and hemorrhage (Fig. 5). Moreover, among eyes that achieve quiescence, the presence 

of Arteriolar pattern at baseline diagnosis is associated recurrent leakage on subsequent 

extension of treatment interval (Mettu et al., 2016). Our findings of a high rate of resistance 

among PCV patients are consistent with those of other investigators (Hatz and Prunte, 2014; 

Wong et al., 2016; Kokame et al., 2019a). Based on these findings, we hypothesize that the 

morphology of the new vessel by ICGA predicts response to anti-VEGF therapy in NVAMD 

and specifically, that PDA and anti-VEGF resistance in NVAMD occurs in MNV that 

have high-flow, features of arteriolarization, and in some cases, polyps. OCT angiography 

(OCT-A) has been shown to delineate neovascular morphology in an analogous fashion and 

offers a noninvasive alternative to ICGA to further explore this hypothesis (Spaide, 2015; 

Kuehlewein et al., 2015; Al-Sheikh et al., 2018). Our ongoing work is focused on evaluation 

of the utility of OCTA for identification of these morphologic subtypes and prediction of 

response to anti-VEGF therapy, relative to ICGA as a standard.

Re-contextualizing PDA in light of these findings under the paradigm of heterogeneity of 

pathobiology, we can theorize about specific potential causes. Persistent fluid exudation 

in Arteriolar pattern CNV occurs not solely as a result of increased VEGF-mediated 

permeability, but also as a result of increased exudation from arteriovenous anastomotic 

terminal loops or poorly formed vascular structures in the setting of high blood flow. 

Hemorrhage occurs not as a result of endothelial shear stress in fragile, leaky capillaries, 

but instead due to poorly formed tight junctions at arteriovenous anastomotic terminal loops 

that are unable to sustain the high rates of flow through Arteriolar pattern CNV. Progressive 

fibrosis occurs as a result of increased extracellular matrix deposition in association with 

Arteriolar CNV lesions. We will consider specific pathobiology for these features of 

Arteriolar pattern CNV in the following sections.

2.5. Pathobiology of capillary CNV: angiogenesis and maturation

Angiogenesis begins when VEGF binds its specific tyrosine kinase receptors VEGFR-2 

(primarily) and VEGFR-1 on endothelial cells, which triggers cellular activation via 

amplification of downstream intracellular signaling pathways (Maharaj and D’Amore, 2007; 

Penn et al., 2008; Campochiaro, 2015; Apte et al., 2019). In general, the accepted paradigm 

is that activated endothelial cells are responsible for triggering the subsequent cascade of 

cellular events that enables new capillary formation, and thus serve to orchestrate most of 

the biology of capillary angiogenesis (Nieves et al., 2009; Patel-Hett and D’Amore, 2011). 

For CNV, the primary source of VEGF is thought to be RPE cells (Lopez et al., 1996; 

Spilsbury et al., 2000; Grossniklaus et al., 2002), which may be upregulated either as a result 

of focal inflammatory injury or possibly ischemia. Other potential sources of VEGF may 

be Müller cells, retinal astrocytes, or infiltrating macrophages (Grossniklaus et al., 2002; 

Kent and Sheridan, 2003; Krause et al., 2014). Upon activation, endothelial cells degrade 

basement membrane, proliferate, and migrate, remodeling extracellular matrix to facilitate 

invasion into the surrounding microenvironment in Bruch’s membrane and the sub-RPE 

space (Grossniklaus and Green, 2004; Costa et al., 2007; Grossniklaus et al., 2010). These 

endothelial cells then assemble into a network of nascent microvascular capillary tubes.
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These nascent capillaries are stabilized by maturation, via recruitment of pericytes, mural 

cells that ensheath and support the growing network of microvascular endothelial tubes. 

Maturation is believed to be regulated by the assembling endothelial cells, which recruit 

pericytes to the nascent capillary network primarily via platelet derived growth factor 

(PDGF) and transforming growth factor-β (TGF-β), the latter of which is thought to 

also suppress elongation of capillary tubes (Hirschi et al. 1998, 1999). PDGF-mediated 

maturation of capillary neovessels prevents their regression even if VEGF is inhibited or 

removed from the immediate local microenvironment (Benjamin et al., 1998; Hirschi et al., 

1999; Armulik et al., 2005; Gaengel et al., 2009; Hellberg et al., 2010), highlighting the 

importance of dynamic interplay between endothelial cells and pericytes in formation and 

growth of capillary new vessels. Specifically, heterotypic cell-cell contact between pericytes 

and endothelial cells promotes maintenance and stability of the capillary neovessel (Hirschi 

et al., 1997; Darland et al., 2003).

While a full review of capillary angiogenesis biology is beyond the scope of this review, it is 

notable that other growth factors, such as FGF-2, act as endothelial cell mitogens to promote 

capillary elongation and growth (Seghezzi et al., 1998; Ramsauer and D’Amore, 2007). 

Meanwhile, multiple signaling pathways, such as ephrin-B2/Eph pathway, angiopoietin-Tie2 

pathway, integrin signaling, Wnt/beta-catenin signaling modulate angiogenesis through 

regulation of endothelial cell activation and proliferation (Goodwin et al., 2007; Ramsauer 

and D’Amore, 2007; Silva et al., 2008; Wang et al., 2010; Bryan et al., 2010). In particular, 

angiopoetin-1 (Ang1) and angiopoetin-2 (Ang2) act in opposition to one another; Ang1 

produced by pericytes and mural cells serves to stabilize microvessels in a stable, quiescent 

state, while, in the presence of VEGF, Ang2 mediates the activation and proliferation of 

endothelial cells. Other signaling pathways such as Rho GTPase/Rho-associated kinase 

(ROCK) modulate the extent to which intracellular signaling activity is amplified within 

endothelial cells following activation by VEGF binding (van Nieuw Amerongen et al., 2003; 

Bryan et al., 2010).

2.6. Pathobiology of arteriolar CNV: neovascular remodeling (NVR)

In contrast to capillary CNV, the formation of Arteriolar pattern CNV is not well understood. 

Based on our clinical observations, we propose that the morphology of Arteriolar pattern 

CNV reflects neovascular remodeling (NVR): the transformation of nascent neovessels 

into high-flow feeder artery with many branching arterioles and perivascular fibrosis. 

Importantly, we propose that NVR is a specific and regulatable pathobiology; formation 

of arteriolarization and fibrosis are neither inevitable, stereotyped endpoints in the growth 

and development of CNV nor simply a reflection of disease chronicity.

Several key clinical observations support this hypothesis. We have observed that the 

Arteriolar pattern subtype (as well as PCV subtype) are readily apparent soon after NVAMD 

conversion (Lad et al., 2012; Mettu et al. 2012a, 2016; Serrano et al., 2012). These lesions 

do not regress following anti-VEGF treatment and they frequently exhibit progressive 

growth, which is evident not as capillary formation but instead by the development of 

new arteriolar vessels and an associated increase in fibrosis. On the other hand, we have 

not observed that Capillary pattern lesions evolve to become Arteriolar pattern (with rare 

Mettu et al. Page 15

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exception). Patients with Capillary pattern CNV frequently sustain disease quiescence even 

with extended treatment intervals; when these lesions do reactivate following a prolonged 

period without treatment, they exhibit exudation and occasionally growth of new capillaries, 

but they do not “mature” or “evolve” to form Arteriolar pattern (Lad et al., 2012; Mettu et 

al. 2012a, 2016; Serrano et al., 2012). Further, fellow eye conversions to NVAMD almost 

always share the same phenotype as the first eye, suggesting the existence of systemic 

regulation of arteriolarization, rather than only local factors or chronicity. Thus, the specific 

subtype of neovessel is generally conserved over time, and we propose that the development 

of the Arteriolar pattern CNV occurs via the distinct pathobiology of NVR.

There are few histopathology studies that have assessed variability in the morphology 

and structure of CNV in NVAMD. Lutty et al., published a clinicopathologic report that 

recapitulates the distinct morphologic differences between Capillary and Arteriolar pattern 

subtypes, readily apparent by UEA-lectin choroidal flatmount: capillary CNV as an ill-

defined network of endothelial-lined microvessels and arteriolar CNV as a large complex 

of feeder artery, intricately interconnected branching arterioles, and terminal vascular loops 

(Seddon et al., 2016). These remarkable morphologic differences are consistent with the 

concept that underlying heterogeneity in the mechanisms that drive neovascular formation 

and growth inform response to anti-VEGF therapy and specifically suggest that the observed 

resistance to anti-VEGF therapy occurs as a result of additional pathobiologic mechanisms 

beyond VEGF-mediated angiogenesis.

2.7. Experimental laser-induced CNV: modeling NVAMD pathobiology in mice

Much of what we now know about the biology of angiogenesis for CNV and NVAMD 

derives from the experimental murine laser-induced CNV model (Grossniklaus et al., 2010). 

Both long wavelength infrared/red laser (810 nm/650 nm) and green laser (532 nm) can 

be used to induce CNV development, but they produce different injury responses. With 

infrared/red laser, the primary site of thermal damage is the inner choroid and RPE, 

and retinal tissue destruction is minimized (especially with 810 nm). Immediately after 

laser application, there is displacement of overlying photoreceptor outer segments without 

extensive fluid movement, the inner retina is intact, and ERG amplitudes are generally 

preserved (Caicedo et al., 2005a). Application of green (532 nm) laser induces a tissue burn 

with direct and full thickness retinal injury in addition to RPE/inner choroid injury, resulting 

in photoreceptor degeneration and Müller cells gliosis that is directly mediated by the laser 

application. Studies of the laser CNV model using red laser allow a focused evaluation of 

the biology of new vessel formation while minimizing retinal injury; studies using the green 

laser assess CNV development as part of a wound healing response to more extensive injury 

(Strittmatter et al., 2016). Our laboratory has exclusively utilized infrared/red diode laser 

in laser-induced CNV studies to minimize thermal injury at the neurosensory retina and 

minimize any confounding biology of the direct laser injury, which is particularly important 

for the study of retinal pathology overlying CNV lesions (discussed in Section 3).

2.8. Capillary vs. arteriolar CNV in mice: understanding key pathologic differences

Our laboratory has had a longstanding interest in CNV pathobiology with a specific focus on 

the identification of key determinants of CNV severity. We were the first group to identify 
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age as an independent risk factor for CNV severity (Espinosa-Heidmann et al., 2002). Using 

the murine laser-induced CNV model in wild-type mice, we observed that old, 16 month 

old C57BL/6J mice developed more severe CNV as compared to young 2 month old mice, 

findings that indicated that age-related systemic susceptibility factors, independent of local 

changes in the retina, are determinants of CNV severity (since these wild-type mice do 

not have an intrinsic retinal phenotype). Our initial characterization of increased severity in 

old mice was evident as increased lesion size, increased vascular staining (by FITC-dextran 

perfusion), and greater cellularity (by propidium iodide staining) (Espinosa-Heidmann et al., 

2002). As we have expanded our efforts to include more sophisticated analytical methods to 

assess lesion activity, cellular composition, and structural morphology, we have definitively 

established that the observed severity in old mice specifically reflects the biology of NVR 

(Figs. 6–8). By FA, the severe phenotype in old mice is not only larger in size but also 

demonstrates more rapid filling and more extensive dye leakage, indicating greater disease 

activity or exudation as compared to small, well-demarcated lesions with minimal leakage in 

young mice (Fig. 6). By lectin flatmount, old mice have larger-caliber vessels and terminal 

vascular loops (Fig. 6F) along with increased perivascular fibrosis (Fig. 7B), as compared 

to young mice with smaller capillary lesions (Fig. 6C) and minimal fibrosis (Fig. 7A) 

(Espinosa-Heidmann et al. 2002, 2013).

Comparative analysis of vascular morphology and differential cellular composition of 

CNV provides perhaps the most definitive confirmation of lesion biology (Fig. 8). Mild 

lesions of young mice demonstrate CD31+ endothelial cells within a well-dermarcated but 

ill-defined network of microvessels; there is minimal staining with smooth muscle actin 

(SMA+, which labels VSMC and myofibroblasts cells) within the microvascular structure, 

reflecting the predominance of pericytes as mural cells and rarity of VSMCs and associated 

myofibroblasts (Fig. 8A–B). These features are all consistent with capillary morphology. In 

contrast, severe lesions of old mice have an extensive network of branching large-caliber 

vascular structures, with terminal loops at the lesion margin interconecting the branching 

vessels (Fig. 8C). Double-staining for SMA + perivascular mural cells reveals that SMA 

+ VSMCs directly invest and envelop the vascular structures, affirming that these are 

indeed arteriolarized vessels; additional SMA + cells not in direct contact with the vascular 

structures but within the lesion interstitium represent SMA + myofibroblasts, which are 

responsible for production of extracellular matrix components (collagen, etc.) comprising 

the fibrosis that surround and ensheath the arteriolarized vessels (Fig. 8D). This phenotype is 

strikingly similar to the morphology of the Arteriolar pattern CNV in patients with NVAMD. 

Importantly, these phenotypic differences in CNV of young and old mice were observed 

at the same time point (14 days) following CNV induction and are not reflective of a 

difference in the time course of lesion development (i.e., capillary lesions in young mice 

do not transform or evolve into arteriolarized lesions at later time points of 4 or 5 weeks 

post induction). Cross-sectional immunofluorescence analyses offer confirmatory evidence, 

as there is a significantly increased frequency of (SMA)+ VSMCs and myofibroblasts as 

compared to CNV of young mice (normalized to total cell count), though there is no 

difference in the frequency of CD31+ endothelial cells in old vs. young CNV lesions 

(Espinosa-Heidmann et al. 2002, 2013).
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From analysis of the distinguishing pathologic features of the arteriolarized CNV phenotype 

in old mice, we can infer that NVR requires the formation of vessels with large-caliber 

lumen as well as the acquisition of vascular smooth muscle cells (VSMCs) as mural support 

cells and further ensheathment in perivascular fibrosis by myofibroblasts. The morphology 

of Arteriolar CNV in experimental CNV is clearly distinct from Capillary CNV, paralleling 

our findings in human NVAMD. Intuitively, the mechanisms that mediate NVR biology 

should likewise be distinct. However, conceptually and mechanistically, a key question 

remains: Does NVR occur via the transformation of nascently formed capillary structures 

into arteriolarized lesions at an early time point, with alterations of the vascular structure 

and morphology, as a “second step” that follows the conventional paradigm for capillary 

angiogenesis? Alternatively, do arteriolarized lesions form as the product of a biology that 

is altogether distinct from traditional capillary angiogenesis and that is established from the 

outset of lesion induction?

To address this question, we performed a comparative analysis of CNV lesion formation in 

old vs. young mice over time following laser induction, assessing differences in the dynamic 

interplay and assembly of endothelial cells and mural support cells at key timepoints in 

the development of each lesion type (Fig. 9). As expected, at 3 days post- laser induction, 

nascent capillary lesions in young mice demonstrated an initial migrating wave of CD31+ 

endothelial cells at the outer margin of the lesion, with a weakly positive focus of SMA + 

cells at the site of laser injury (Fig. 9A). In contrast, and unexpectedly, nascent lesions in 

old mice demonstrated a prominent initial “wreath” of SMA + cells encircling well beyond 

the margins of the site of laser injury, with none to minimal CD31+ endothelial cells present 

(Fig. 9D). Importantly, laser settings and application were identical for both age groups. 

Capillary structures were evident by day 7 in young mice (Fig. 9B). However, in the lesions 

of old mice, by 7 days post-laser induction, the SMA + cells have begun to pattern into a 

scaffold of tunnel-like structures, and CD31+ endothelial cells have begun to grow at the 

center of the lesion, with a leading edge of growth outwards into the SMA + scaffold tunnels 

(Fig. 9E). By 14 days, in CNV of young mice, growth of capillary lesion is complete (Fig. 

9C), while in CNV of old mice, CD31+ endothelial cells have completed growth out to the 

full margin of the lesion, forming branching arteiroles and anastomotic loops at the rim of 

the arteriolarized complex (Fig. 9F).

These observations suggest a potential alternative paradigm for the biology of NVR. 

In contrast to angiogenesis where endothelial cells are the primary cells orchestrating 

formation of microvascular tubes, in NVR, SMA + VSMCs and myofibroblasts control the 

pathobiology. These cells are the first wave of to infiltrate the incipient lesion and assemble 

into a scaffold of mesenchymal support cells that establishes the template for endothelial 

cells to migrate and form large-caliber vascular tubes, as opposed to microvascular tubes. 

Thus, it is possible that there is a reversal of roles from the conventional angiogenesis 

paradigm: VSMC and myofibroblasts “lead the way” for endothelial cells, patterning vessel 

growth. Subsequent dynamic interplay between these mesenchymal cells and endothelial 

cells (Ferrara, 2010), via paracrine signals and/or heterotypic cell-cell contact, may then 

enable the formation of large-caliber arterioles, terminal arteriovenous anastomotic loops, 

and draining venules (see cartoon in Fig. 20). Importantly, the key observation of early 

recruitment and activation of mesenchymal cells at the incipient lesion suggests the 
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distinct possibility that the arteriolarized phenotype is determined at the outset of lesion 

development. This is consistent with our observations in NVAMD patients that the Arteriolar 

pattern CNV is apparent soon after disease conversion and is not a function of the natural 

history of disease in the absence of treatment and is not simply reflective of disease 

chronicity. Collectively, these findings support the concept that NVR is a distinct and 

regulatable pathobiology in NVAMD.

2.9. Macrophages and NVR

2.9.1. Conceptual framework for mononuclear phagocyte biology in health—
In normal health, two subtypes of innate immune mononuclear phagocyte cells surveil 

the tissue niche to provide vital homeostatic functions: microglia (in the retina) and 

tissue-resident macrophages (in the choroid). Full characterization of the ontogeny of 

retinal microglia is beyond the scope of this review but has been thoroughly reviewed 

elsewhere (Guillonneau et al., 2017; Saban, 2018; McMenamin et al., 2019). In brief, 

over the past decade, the embryonic origin of central nervous system (CNS) microglia 

has been firmly established: CNS microglia are derived from precursor cells that seed 

the CNS during embryonic development (i.e., “yolk-sac” or fetal liver-derived) and can 

self-renew and maintain their own population during adulthood (Ginhoux et al., 2010). 

Retinal microglia, like CNS microglia, are not bone marrow derived and are self-renewing 

(Panagis et al., 2005; Xu et al., 2007; Wohl et al., 2010; O’Koren et al., 2016). While 

these and other similarities to CNS microglia point toward an embryonic origin for retina 

microglia as well (Li et al., 2019), embryonic origin for retina microglia has not yet 

been definitively established (Saban, 2018; McMenamin et al., 2019). As with some other 

resident macrophage populations, retinal microglia display tissue-specific properties though 

specific distinguishing cellular markers are lacking (Naito et al., 1996; Faust et al., 1997; 

Wozniak, 1998).

On the other hand, with age, the choroid has increasing proportion of tissue-resident 

macrophages that are monocyte-derived, presumably due to the ease with which circulating 

monocytes can traffic through the interstitium of the choroid (McMenamin et al., 2019). 

Whether functional differences exist between embryonically derived and monocyte-derived 

tissue-resident macrophages in the setting of normal health is unknown, though this is area 

of active investigation in the field of macrophage ontogeny using lineage-tracing tools (Naito 

et al., 1996; Ginhoux and Guilliams, 2016; Wolf et al., 2019).

2.9.2. Conceptual framework for mononuclear phagocyte biology in disease
—In the setting of retinal disease, including AMD, blood-derived macrophages are recruited 

to the retina and choroid (Grossniklaus et al., 2005; Partsch et al., 2006; Tatar et al., 

2009; Lad et al., 2015). Circulating bone marrow-derived monocytes are recruited from the 

bloodstream, where they infiltrate the retina and choroid and transform into macrophages, 

in order to mediate effector functions in response to injury (Reinoso et al., 2004; Wang et 

al., 2019). Blood-derived macrophages typically have high turnover rate, and their continued 

presence in the tissue is dependent on sustained recruitment to the diseased tissue.
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The resident microglia population can also expand and dynamically and alter their 

distribution within the retina, in the setting of disease (Saban, 2018; McMenamin et al., 

2019); potential roles in retinal disease have previously reviewed (Karlstetter et al., 2015; 

Guillonneau et al., 2017). Since histologic markers and cellular morphology do not reliably 

distinguish between resident microglia and monocyte-derived macrophages (e.g., both cell 

populations express Iba-1 and F4/80), it has not been possible to differentiate the two 

populations of mononuclear phagocytes within the retina until the recent introduction 

of cell reporter systems, such as the mouse Cx3-chemokine receptor 1 (Cx3cr1) CreER 

(Cx3cr1CreER) reporter system (Goldmann et al., 2013; Parkhurst et al., 2013). This 

system enables lineage tracing experiments: following tamoxifen pulse-labeling, microglia 

retain reporter expression indefinitely, while circulating monocytes retain expression for 

approximately 2–3 weeks (the time necessary for monocyte turnover from the bone 

marrow). Thus, following a washout period (approximately 4 weeks), monocytes and 

microglia can be reliably distinguished by differential expression of the reporter in the 

previously tamoxifen-exposed mouse.

O’Koren et al. utilized a Cx3cr1eYFP−CreER; R26tdT reporter mouse to ascertain differential 

distribution of monocytes and microglia in a mouse model of retinal degeneration following 

light damage (O’Koren et al., 2016). In the Cx3cr1eYFP− CreER; R26tdT reporter mouse, both 

microglia and monocyte-derived macrophages express YFP but tamoxifen pulse labeling 

induces a td-Tomato (TdT) reporter that selectively labels microglia following washout 

period. The authors found that, following retinal light exposure, tdT + microglia migrate 

to the subretinal space and adhere to the apical surface of the RPE, while monocyte-

derived macrophages are found primarily in the plexiform layers and do not extend to 

the subretinal space. While functional differences between the microglia and monocyte-

derived macrophages has not been definitively established, the authors hypothesize that 

microglia migration to the subretinal space occurs as a protective response in the setting of 

photoreceptor injury, while the recruitment of monocyte-derived macrophages into the retina 

exacerbates disease pathology (O’Koren et al., 2016; Yu et al., 2020).

We embrace the perspective that retinal microglia also contribute to AMD (Guillonneau et 

al., 2017; Saban, 2018; Reyes et al., 2019), though there is clearly much to learn about 

their potential role(s) and whether they are protective or pathogenic. This reporter system 

can be applied to distinguish microglia and monocyte-derived macrophages within the 

retina in mouse models relevant to AMD, including the laser CNV model (and models 

of subRPE deposit formation). However, since lineage-tracing studies are still novel in 

retinal biology, to our knowledge, such investigation has not yet been performed in the 

experimental CNV model. Work is underway in our laboratory to utilize this reporter system 

to analyze differential contributions of retinal microglia vs. monocyte-derived macrophages, 

particularly with respect to changes in photoreceptor and synaptic biology in the setting of 

CNV formation.

In this review, we will concentrate on the roles of blood-derived macrophages in 

NVAMD disease, since there is a preponderance of human and experimental mouse 

data characterizing their contributions to CNV pathobiology, including NVR, capillary 

angiogenesis, CNV induction, and dysfunction of the neurosensory retina overlying CNV.

Mettu et al. Page 20

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.9.3. Biology of blood-derived macrophages—Blood-derived macrophages 

frequently retain many properties of the circulating monocytes from which they originate 

(Wolf et al., 2019), and as such, the activation state (as defined by its gene expression) 

of the circulating monocyte is a key determinant of the specific effector functions that the 

macrophage manifests upon activation in the tissue (Cousins et al., 2004). However, specific 

exposures within the microenvironments in which monocytes reside or traffic can alter their 

activation state. Macrophages utilize a pattern recognition response to identify broad groups 

of offensive stimuli, including microbe-associated molecules (e.g., pathogen-associated 

molecular patterns, or PAMPs), toxins, or cellular debris resulting from injury (e.g., damage-

associated molecular patterns, or DAMPs) (Gordon, 1999; Moilanen et al., 1999; Hamrick 

et al., 2000). Broadly, macrophages serve three primary functions: 1) as phagocytic cells 

that scavenge, engulf, and clear cellular debris and pathogens; 2) as inflammatory effector 

cells that produce and secrete cytokines, growth factors, oxidants, mediators, and matrix-

modifying enzymes; and 3) as antigen presenting cells for T lymphocytes to initiate adaptive 

immunity mechanisms (Gordon, 1999).

Classically, in innate immunity, macrophages respond to acute injury or infection (Leifer and 

Medvedev, 2016), but they also play important roles in chronic degenerative diseases like 

AMD. Furthermore, unlike in primary autoimmune disorders, macrophages directly mediate 

an innate immune response at the RPE and retina without previous immunization. In the 

setting of AMD, cellular injury stimuli at the RPE, choroid, and outer retina, which can 

include drusen and subRPE deposits, oxidized proteins or lipid (van Leeuwen et al., 2018), 

focal vascular endothelial cell injury at the choriocapillaris, and subretinal deposit formation 

(Mettu et al., 2012b), can recruit and activate macrophages from the systemic circulation via 

upregulation of cell adhesion molecules, production of macrophage chemotactic factors, and 

release of pro-inflammatory mediators (Yang et al., 2016; Wang et al., 2019).

2.9.4. Macrophage-mediated NVR in experimental CNV—In human NVAMD, 

histopathology of CNV frequently reveals the presence of macrophages, and macrophage 

frequency is increased in thicker, more fibrotic lesions (Grossniklaus et al., 2005; Partsch 

et al., 2006; Tatar et al., 2009). In the murine laser-induced CNV model, we have similarly 

observed that macrophages infilrate CNV lesions and that there is significantly increased 

macrophage infiltration in arteriolar CNV of old mice as compared to capillary CNV 

of young mice (Fig. 10). We performed macrophage depletion studies in old mice to 

understand the role of macrophages in arteriolar CNV development (Espinosa-Heidmann 

et al., 2003a). We used systemic administration of clodronate liposomes for these studies, 

since systemically clodronate liposomes efficiently deplete monocytes from the circulation 

but do not affect local microglia since liposomes do not penetrate the blood-retinal barrier 

(Van Rooijen, 1989; Huitinga et al., 1990). In old mice, depletion of circulating monocytes 

with clodronate liposomes (administered prior to laser and throughout lesion development) 

abrogates the arteriolar CNV phenotype, as compared to control-treated old mice (Fig. 

11). Interestingly, systemic monocyte depletion did not abolish CNV formation but instead 

converted large arteriolar CNV to smaller capillary CNV lesions, similar in appearance to 

those found in young mice. The observation that capillary CNV formation was maintained 

in spite of monocyte depletion suggests that blood-derived macrophages are dispensable for 
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angiogenesis in CNV formation in old mice, though we do not discount the likelihood that 

capillary angiogenesis was at least partially reduced (Sakurai et al., 2003). These findings 

indicate that NVR specifically requires blood-derived macrophages and that, in old mice, the 

biology of CNV formation and growth defaults to capillary angiogenesis in the setting of 

macrophage depletion.

To better understand whether macrophages mediate the early steps of NVR, we have 

performed additional studies with systemic monocyte depletion by clodronate liposome 

administration just on the day prior and the day following laser induction in aged mice (Fig. 

12). We observed that systemic monocyte depletion in this setting completely abrogates the 

initial recruitment of mesenchymal cells and the formation of the SMA + cell “wreath”-like 

scaffold that forms by day 3 of CNV development (Fig. 12D-E-F), indicating that specific 

and dynamic interactions between macrophages and mesenchymal precursors (that give rise 

to SMA + cells) establish the template for arteriolar CNV early in lesion development. We 

hypothesize that macrophages mediate NVR via secretion of specific factors and cytokines 

that recruit and activate mesenchymal cells, which differentiate into SMA + VSMCs and 

myofibroblasts and set the template for arteriolar CNV formation. Indeed, potential factors 

promoting fibrovascular growth, including TGF-β, FGF- 1, FGF-2, IGF-1, and osteopontin, 

have been found localized to infiltrating macrophages at the site of incipient CNV formation 

by other investigators in histopathology of laser-induced CNV (Li et al., 2017).

2.9.5. Functional macrophage subsets and NVR—Conceptually, macrophages 

exist in different levels or states of metabolic and functional activity. Each state represents 

different “programs” of gene activation and mediator synthesis that ultimately determines 

specific effector biology of the macrophage cell. There are multiple paradigms that have 

been put forth to understand differential biology of monocyte and macrophages, the 

majority of which are focused on differences in inflammatory and effector functions. In 

the conventional paradigm, infiltrating “quiescent” M0 monocytes can become differentiated 

into classically activated (“M1”) or alternatively activated (“M2”) macrophages within 

inflamed tissues (Cao et al., 2011; Sica and Mantovani, 2012; Biswas et al., 2012). 

Typical stimuli that promote activation of M1 macrophages include bacterial toxins (such 

as lipopolysaccharide (LPS)), antibody-coated pathogens, complement-coated debris, or 

certain cytokines (Jiang et al., 1992; Schlegel et al., 1999; Schumann and Latz, 2000). 

While M1 macrophages are proinflammatory, M2 macrophages mediate tissue repair and 

resolution of inflammation (Hammerstrom, 1979; Rutherford et al., 1993; Takahashi et al., 

1996; Blackwell and Searle, 1999; Apte, 2010). M2 macrophages contribute to physiologic 

processes in response to injury, including wound repair, neovascularization, extracellular 

matrix turnover, and fibrosis (Yang et al., 2016; Wang et al., 2019). However, these 

processes can contribute to chronic tissue injury in the absence of widespread tissue 

destruction. For example, M2 macrophages play important roles in the pathogenesis of 

atherosclerosis, glomerulosclerosis, osteoarthritis, keloid formation, pulmonary fibrosis, 

and other noninflammatory disorders, indicating that the “repair” process is not always 

beneficial to tissues that have complex morphologies and precise structure-function 

requirements (Mahdavian Delavary et al., 2011; Chung et al., 2018; Jinnouchi et al., 2019; 

Griffin and Scanzello, 2019; Warheit-Niemi et al., 2019). The M1-M2 dichotomy in this 
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conventional paradigm derives primarily from in vitro studies and presupposes that the fate 

and effector function of recruited monocytes are determined as bulk populations of cells by 

differentiation factors within an inflamed tissue microenvironment, and that macrophages 

can be “switched” from M1 to M2, and vice versa, either by manipulating factors in the 

tissue microenvironment or by altering intracellular signaling or transcriptional activity 

within macrophages that regulate the cell’s M1 or M2 identity. Studies that apply the M1-

M2 dichotomy to CNV pathobiology generally embrace the concept that M2 macrophages 

mediate CNV formation and growth.

Investigators from the monocyte ontogeny field have proposed an alternative paradigm: 

Functionally distinct monocyte subsets can be identified in the blood according to specific 

cell surface markers (Geissmann et al., 2003; Woollard and Geissmann, 2010), which 

include Ly6C in mice and CD14 and CD16 in humans. In mice, “classical” Ly6Chi 

monocytes (~80% of normal blood monocytes) have high expression of CCR2, low 

expression of CX3CR1, and are inflammatory, expressing high levels of TNF-α, IL-1β, 

NOS2, and proteases (Nahrendorf et al., 2007). This subset tends to predominate in the 

normal physiologic unperturbed “steady state.” “Nonclassical” Ly6Clo monocytes (~10%) 

have low expression of CCR2, high expression of CX3CR1, and in the setting of infection, 

injury, or illness, serve a reparative function, expressing pro-fibrogenic and vascular factors 

such as TGF-β, osteopontin, IGF-1, FGF, CTGF, VEGF and others (Nahrendorf et al., 2007; 

Donnelly et al., 2011; Hanna et al., 2012).

This alternative paradigm presupposes that monocytes are pre- programmed to one or the 

other subset within bone marrow, spleen, or lymphoid tissue. Thus, circulating monocytes 

in the blood are committed to specific effector functions and are triggered to mediate these 

functions upon tissue entry. While Ly6Chi monocytes enter tissue early in response to 

injury or infection, Ly6Clo monocyte tissue entry is delayed (i.e., during a second phase) 

(Nahrendorf et al., 2007; Nahrendorf and Swirski, 2013), creating a biphasic response 

of early inflammatory response followed by later reparative response. In humans, these 

subsets include classical CD14++CD16− , intermediate CD14++CD16+, and nonclassical 

CD14+CD16+ monocytes (Ingersoll et al., 2010; Wong et al., 2011). However, considerably 

less is understood about the biology of these subsets in humans, with some investigations 

suggesting that nonclassical and intermediate subsets may serve pro-inflammatory roles, and 

the classical subset serving more reparative roles (Ingersoll et al., 2010; Wong et al., 2011). 

There are variable reports on the roles of Ly6Chi and Ly6Clo monocytes in experimental 

CNV (Tan et al. 2015, 2016; Liyanage et al., 2016), though based on this paradigm, it 

is plausible that both subsets participate in CNV formation and growth in a coordinated 

fashion.

To add to the complexity, some studies suggest a third blended paradigm. Dichotomous 

blood monocyte subsets are present, but tissue Ly6Clo macrophages are presumed to be 

derived from Ly6Chi infiltrating monocytes, which undergo a “phenotype switch” into 

a Ly6Cint-Ly6Clo subset (Arnold et al., 2007; Ramachandran et al., 2012). Importantly, 

these paradigms are not mutually exclusive and may apply variably to different tissues and 

different disease states.
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We are broadly interested in the different effector biologies of macrophages, scavenging, 
inflammatory, and reparative, and the contributions of each to NVAMD pathobiology, and 

especially to NVR. We embrace the concept that blood monocytes can be preprogrammed 

into functionally distinct subsets, which give rise to distinct inflammatory and reparative 

macrophage subsets in the tissue. We hypothesize that the effect of these monocytes on 

CNV pathobiology is driven by the biphasic recruitment of the two subsets, the intrinsic 

biology of each subset, and the relative numbers of each subset in the blood at the time of 

recruitment to the incipient CNV lesion. For example, inflammatory Ly6Chi monocytes may 

be recruited to the choroid and outer retina in response to focal injury where they mediate 

CNV induction. Meanwhile, higher frequency of circulating reparative Ly6Clo monocytes, 

a phenomenon that occurs in aging and also in association with certain environmental risk 

factors such as systemic pathogen exposure and cigarette smoke (Zawada et al., 2012; 

Hanna et al., 2012; Chen et al., 2019; Rozing et al., 2020), can infiltrate the incipient 

CNV in a coordinated fashion following inflammatory Ly6Chi monocyte recruitment. 

These reparative macrophages may then produce increased levels of pro-fibrogenic effector 

molecules according to their activation state, mediating the biology of NVR.

In support of this conceptual hypothesis and specifically highlighting the importance 

of reparative macrophages to NVR, Lutty and colleagues identified a high frequency 

of activated HLA-DR + macrophages in association with arteriolarized CNV in human 

postmortem NVAMD specimens, with cells extensively localized throughout the interstitium 

of the lesion and especially at the marginal rim in association with anastomotic loops 

(McLeod et al., 2016). Separately, our group has observed infiltration of CD163+ reparative 

macrophages in postmortem CNV specimens from NVAMD patients (Lad et al., 2015). 

Furthermore, comparative analysis of arteriolar vs. capillary CNV specimens reveals 

numerous CD163+ macrophages in association with arteriolar CNV with perivascular 

fibrosis but only rare CD163+ cells in capillary CNV lesions (Fig. 13). Profibrotic factors 

produced by reparative macrophages, such as transforming growth factor-β (TGF-β), 

insulin-like growth factor 1 (IGF-1), fibroblast growth factor (FGF), osteopontin, and 

osteonectin have been found localized to macrophages in fibrotic CNV in histopathology 

of postmortem specimens (Reddy et al., 1995; Kent and Sheridan, 2003).

2.9.6. Macrophage activation in other models of NVR in experimental CNV—
Mechanisms of macrophage activation are clearly multifactorial, involving not only aging 

but also genetics, systemic health factors, and environmental cofactors including infection 

(LaVerda et al., 1999; Vliegen et al., 2004; Boyle, 2005; Wen et al., 2018). To demonstrate 

that the biology of NVR is generalizable beyond the aging model, we have investigated 

whether other potential factors that have been previously associated with NVAMD can 

promote macrophage-mediated NVR in experimental CNV in association with monocyte/

macrophage activation (Suñ;er et al., 2004; Cousins et al., 2012; Mettu et al., 2014).

2.9.6.1. Latent CMV infection of macrophages.: Cytomegalovirus (CMV) is a common 

virus that infects people of all ages. While primary infection causes little to no symptoms 

in most people, it is frequently followed by establishment of persistent or latent infection, 

including in myeloid lineage cells and monocytes that give rise to activated macrophage 
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cell populations in tissues (Hahn et al., 1998; Sweet, 1999). We assessed CMV IgG 

titers in a case-control study of dry AMD patients, NVAMD patients, and age-matched 

control subjects without AMD and found that highest titers of CMV IgG were significantly 

associated with NVAMD, as compared to dry AMD and controls, suggesting increased risk 

of NVAMD in patients with latent CMV infection (Miller et al., 2004). To understand the 

role of latent CMV infection in CNV pathobiology, we assessed the effects of latent murine 

CMV (MCMV) in 7–8 month old mice in the laser-induced CNV model and found that 

mice with latent MCMV infection exhibited larger CNV lesions with arteriolarization and 

fibrosis, as compared to control mice receiving UV-inactivated MCMV exposed control 

mice that had small capillary CNV (Cousins et al., 2012) (Fig. 14). In MCMV-infected mice, 

lesion size and extent of NVR increased with duration of latent MCMV infection, with 

maximal effect observed at 12 weeks duration of MCMV infection prior to laser induction. 

Chronic latent MCMV was not detected in the choroid and RPE of infected mice, indicating 

that the effects of CMV in formation of CNV are not due to local latent infection within 

ocular tissues. However, MCMV was detectable in splenic macrophages and bone marrow 

progenitor cells, and gene expression analysis of splenic macrophages isolated from mice 

with chronic MCMV infection (12 weeks) demonstrated upregulation of pro-inflammatory, 

pro-fibrogenic, and pro-angiogenic factors. Moreover, CMV infection has been shown 

to induce increased numbers of CD163+ reparative monocytes/macrophages that express 

primarily pro-fibrogenic factors and retain expression of only few pro-inflammatory effector 

cytokines (Nikitina et al., 2018). We also found that treatment of MCMV-infected mice with 

the anti-viral ganciclovir suppressed observed gene upregulation in splenic macrophages 

(Cousins et al., 2012), indicating that macrophage activation was directly mediated by latent 

MCMV infection.

In this model, as latent MCMV-infected myeloid precursor and monocyte cells mature, it is 

likely specific macrophage effector genes become transactivated by CMV immediate-early 

gene products that are expressed during latency; these viral immediate-early gene products 

effectively “hijack” macrophage gene expression and prime them toward reparative effector 

function (Stenberg, 1996; Hahn et al., 1998; Cinatl et al., 1999; Slobedman et al., 2002). 

These activated infected monocytes then produce higher levels of pro-fibrogenic factors 

upon recruitment to the site of RPE/Bruch’s membrane injury, mediating the biology of 

NVR. Ongoing work in our laboratory is centered on identifying the specific immediate-

early gene products that prime precursor cells and monocytes for NVR biology and on 

characterizing the macrophage-derived factors that specifically mediate NVR in the setting 

of latent MCMV infection.

2.9.6.2. Pathogen burden and “PAMP” stimulation of macrophages.: Infectious 

pathogens may modulate AMD disease pathobiology through additional means. One 

possibility is that the pathogen may directly infiltrate and infect the locus of disease at 

the RPE, Bruch’s membrane, and choriocapillaris. This hypothesis has been put forth by 

investigators who detected evidence of Chlamydia pneumoniae in CNV tissue from patients 

with NVAMD, both by immunohistochemistry (IHC) and polymerase chain reaction (PCR), 

in contrast to no detectable pathogen in non-AMD tissue specimens (Kalayoglu et al., 2005). 

While this study raised the intriguing possibility that direct infection may contribute to 

Mettu et al. Page 25

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AMD pathobiology, there is limited evidence for other pathogens detected within CNV 

and limited additional evidence specifically for C. pneumoniae direct infection in NVAMD 

(Robman et al., 2007; Guymer and Robman, 2007).

An alternative and distinct concept is total pathogen burden, wherein systemic immune 

alterations observed in association with AMD occur as a result of cumulative infections with 

multiple pathogens over the course of life (Zhu et al., 2000). In this hypothesis, immune 

alterations are not due to one single pathogen or infection; multiple pathogens carry more 

and cumulative risk (Zhu et al., 2000). Accordingly, we have observed that patients with 

elevated serum antibody titers against multiple pathogens, including C. pneumoniae and 

Helicobacter pylori, had increased risk of NVAMD (Miller et al., 2004). The concept of total 

pathogen burden can be understood through priming effects on the innate immune system. 

Chronic exposure to microbial components can prime, or partially activate, monocytes in 

spleen, lymph node, bone marrow, or other sites of exposure or surveillance, altering the 

expression of certain cytokines and mediators and committing exposed cells to specific 

effector functions (Obonyo et al., 2007; Ge et al., 2013). These functions then become fully 

manifest upon recruitment to the disease locus (i.e., RPE and retina) and transformation 

into fully activated macrophages. This phenomenon has been recognized in diseases such as 

atherosclerosis, colonic inflammation, and kidney fibrosis (Yang et al., 2008; Campbell et 

al., 2011; Falck-Hansen et al., 2013). Of more direct relevance, the presence of periodontal 

disease, which is a known primer of circulating monocytes, has been independently 

associated with AMD, even after controlling for other more established risk factors (Wagley 

et al., 2015).

To understand whether the concept of total pathogen burden was potentially relevant to 

biology of NVR, we studied the effects of systemic pathogen-associated molecular patterns 

(PAMP) exposure in the murine laser-induced CNV model (Mettu et al., 2014). PAMPs 

are microbe-associated molecules that are recognized by monocytes/macrophages via cell-

surface pattern recognition receptors (PRRs, including the family of toll-like receptors 

(TLRs)). PAMP binding to PRRs on circulating monocytes primes increased expression of 

cytokines and soluble mediators (Obonyo et al., 2007; Ge et al., 2013). We exposed 7–9 

month old mice to low levels of the PAMP lipopolysaccharide (LPS) via intraperitoneal 

injection, at levels well below those associated with toxicity, at day − 1 prior to laser 

induction and again at day +1 (Fig. 15). We subsequently observed that exposure to LPS 

promoted development of larger CNV lesions with features of arteriolar CNV, especially 

increased leakage and greater number of SMA + large-caliber arterioles, consistent with 

the biology of NVR (Fig. 15A-B-C). Similar findings were observed for systemic exposure 

to low levels of zymosan and TSST-1. Development of NVR in the setting of low-grade 

systemic LPS exposure was associated with increased frequency of circulating nonclassical 

Ly6Clo monocytes in the blood at day 3 post-laser, the time point at which NVR biology 

is established at the incipient CNV lesion (Fig. 16). These data support the hypothesis that 

total pathogen burden may promote NVR via priming of circulating monocytes. Another 

non-mutually exclusive mechanism that may contribute to the observed findings is that 

PAMPs may modulate disease via direct interaction with PRRs expressed by the RPE (e.g. 

TLR2, which has been shown to be expressed at the RPE apical surface (Feng et al., 2017)).
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2.9.6.3. Cigarette smoking and nicotine exposure.: Cigarette smoking is the 

environmental and systemic health factor with the greatest risk for onset and severity 

of all forms of AMD (Smith et al., 1996), and has been associated with a two-to four-

fold increased incidence of NVAMD (Klein et al., 1993; Christen et al., 1996; Seddon 

et al., 1996; Smith et al., 1996; Tamakoshi et al., 1997; Delcourt et al., 1998). Since 

nicotine has been shown to contribute to many aspects of toxicity from cigarette smoke 

(Villablanca, 1998; Jain, 2001; Heeschen et al., 2001) and since both smoking and nicotine 

have been shown to alter monocyte activation state and promote pro-fibrogenic effector 

functions in macrophages (Yuan et al., 2014; Yang and Chen, 2018), we have also assessed 

the effects of nicotine exposure and also cigarette smoke exposure in the laser-induced 

CNV model (Suñ;er et al., 2004; Suñ;er et al., 2005). Each of nicotine and cigarette 

smoke exposures promoted larger lesions consistent with NVR biology as compared to 

non-exposed controls. Cigarette smoking exposure was associated with increased infiltration 

of activated macrophages to the incipient CNV lesion while nicotine exposure potentiated 

PDGF-mediated proliferation of choroidal VSMC in vitro and reversed VEGF-induced 

suppression of MMP-2 activity, suggesting that multiple mechanisms may promote NVR 

biology in these models. Further study is needed to clarify the effects of cigarette 

smoke on recruitment and activation of classical and nonclassical monocyte subsets. Other 

investigators have demonstrated that nicotine exposure produces findings similar to cigarette 

exposure in experimental murine CNV (Hou et al., 2008; Davis et al., 2012).

Collectively, findings from these investigations affirm the key role of blood-derived 

macrophages in the development of arteriolar CNV and also demonstrate that certain risk 

factors for NVAMD can serve as activational stimuli of macrophage effector biology to 

promote NVR.

2.9.7. Regulation of macrophage effector biology and recruitment in the 
setting of NVR—Several other studies have assessed specific mechanisms that may 

contribute to the regulation of macrophage effector function in the setting of NVR. IL-10 is 

a cytokine that mediates the recruitment and activation of CD163+ reparative macrophages 

and that upregulates angiogenic and pro-fibrogenic factor expression (Fiorentino et al., 1991; 

Sun et al., 2011). Apte and colleagues have shown that IL-10 expression is increased in old 

mice and that targeted inhibition of the IL-10 receptor prevents the severe CNV phenotype 

(Nakamura et al., 2015). Additionally, markers of reparative macrophages (CD163, Arg1) 

were downregulated while markers of inflammatory macrophages (TNF-α, IL-6) were 

elevated, suggesting either a shift in the recruitment of monocyte/macrophage subsets or 

a shift in macrophage effector biology. They also demonstrated that downstream activation 

of the transcription factor STAT3 mediates the effects of IL-10 on macrophage effector 

function in the setting of NVR in old mice, and that STAT3 activation is detectable 

within CD163+ macrophages in postmortem CNV specimens from NVAMD patients, 

indicating that IL-10/STAT3 signaling in macrophages may be a regulatory mechanism 

for macrophage effector function in NVR. This is of particular interest since patients 

with NVAMD have been shown to have increased expression of STAT3 in intermediate 

CD14++CD16+ monocytes, suggesting a potential contribution of IL-10/STAT3 signaling to 

disease phenotype in NVAMD (Chen et al., 2016).
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Apte and colleagues also identified impaired cholesterol efflux in macrophages as another 

potential mechanism that may upregulate reparative effector functions in macrophages, as 

macrophage-specific deletion of ABCA1, a major cholesterol efflux regulatory protein, 

resulted in more severe CNV in the laser model, and systemic treatment with LXR agonists, 

which restore cholesterol efflux, reduced CNV severity in old wild-type mice (Sene et al., 

2013). Other mechanisms that may regulate NVR may include modulation of macrophage 

Rho-associated kinase (ROCK2) (Zandi et al., 2015), and activation of macrophage RIP1 

kinase (Ueta et al., 2019), as both pathways have been shown to activate reparative 

macrophage effector biology in the setting of CNV formation and growth.

In terms of macrophage recruitment and infiltration, both MCP-1 and IL-8 (Kent and 

Sheridan, 2003) as well as IL-6 may mediate the recruitment of monocytes from the 

circulation to the incipient CNV (Izumi-Nagai et al., 2007). There is also evidence to 

support a role for the leukotriene B4 (LTB4)-leukotriene B4 receptor 1 (BLT1) signaling 

axis, as blockade of LTB4 reduces macrophage infiltration (Sasaki et al., 2018). In the laser 

CNV model, soluble Fas ligand (sFasL) released from injured RPE is a key mediator that 

promotes monocyte recruitment and subsequent macrophage activation at the incipient CNV 

lesion, and this effect is particularly pronounced in old mice (Zhao et al., 2013). Inhibition 

of complement factor C3 reduces CNV macrophage infiltration, suggesting that complement 

components may serve as stimuli of inflammatory or reparative macrophage infiltration and 

activation (Tan et al., 2015).

Activation of the erythropoietin (EPO)/erythropoietin receptor (EPOR) signaling axis in 

the murine laser CNV model has also been shown to promote increased CNV severity 

(independent of changes in blood hematocrit) (Bretz et al., 2018). Beyond its well 

established role in the production of red blood cells (RBCs), EPO has been shown to 

modulate the biology of various cell types that express EPOR, including macrophages, and 

has also been shown to promote increased numbers of bone marrow-derived cell types in 

the systemic circulation (Lifshitz et al., 2010 et al.). Hartnett and colleagues utilized distinct 

humanized knock-in mouse models, human wild-type EPOR (hWtEPOR) knock-in mice 

with hypoactive EPOR signaling, and human mutant EPOR (hMtEPOR) knock-in mice with 

overactive EPOR signaling, and demonstrated that overactive EPOR signaling was sufficient 

to increase CNV severity in hMtEPOR mice, with increased EPOR signaling associated with 

1) increased choroidal macrophage density in hMtEPOR mice, as compared to hWtEPOR 

mice; 2) increased CNV lesional macrophage infiltration in EPOR-overactive hMtEPOR 

mice vs. EPOR hypoactive hWtEPOR mice; and 3) increased expression of macrophage-

derived effector cytokines (e.g. IL-6, CCL2, etc.) in RPE/choroid of EPOR-overactive 

hMtEPOR mice (Bretz et al., 2018). Thus, increasing levels of serum EPO and increased 

EPO/EPOR signaling at monocytes and macrophages could promoted macrophage-mediated 

CNV severity through increased macrophage recruitment and activation.

Collectively, these data suggest that there may be multiple pathways and mechanisms, rather 

than a single master factor, that regulate macrophage effector functions and that regulate 

macrophage infiltration and monocyte recruitment from the systemic circulation in NVR.
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2.9.8. Macrophages, NVR, and PDA in NVAMD—To our knowledge, there have 

not been translational studies that specifically explore the relationship among macrophage 

biology, clinical morphologic subtypes of NVAMD, and anti-VEGF treatment response. 

However, available clinical correlative studies offer some clues. Several clinical studies 

demonstrate that increased intraocular levels of macrophage-derived cytokines are associated 

with more active (i.e., exudative or leaking) CNV, as compared to eyes with inactive 

CNV, suggesting a link between macrophage biology and ongoing CNV disease activity; 

clinicopathologic studies similarly suggest a connection between reparative macrophage 

infiltration and disease activity (Chalam et al., 2014; Rezar-Dreindl et al., 2016; McLeod et 

al., 2016). Additional investigations have observed that the proportion of circulating CD11b 

+ monocytes directly correlate with the frequency of anti-VEGF injections necessary for 

disease control (Subhi et al., 2019). However, local ocular corticosteroids do not improve 

treatment response or mitigate anti-VEGF resistance and do no prevent perivascular fibrosis 

and CNV-associated scar formation (Ambati et al., 2013). This is likely due to the fact 

that corticosteroids have limited effects on the effector function of CD163+ reparative 

macrophages (Schaer et al., 2002). These observations highlight the need for novel anti-

inflammatory drugs that specifically target reparative macrophage biology, to address the 

problem of anti-VEGF resistant NVAMD.

2.10. Contributions of macrophages to other aspects of CNV pathobiology

In addition to NVR, macrophages have been shown to contribute to other aspects of CNV 

pathobiology, including CNV induction, or conversion from dry AMD to NVAMD, as well 

as capillary angiogenesis.

2.10.1. CNV induction: conversion to NVAMD—CNV induction is defined as the 

early cellular and molecular events that trigger the development of the incipient new vessel, 

which clinically represents conversion to, or onset of NVAMD. The specific mechanisms 

that trigger CNV induction in NVAMD remain unknown. Several investigators have 

advanced a choroidal ischemia or hypoperfusion hypothesis, based on the concept that loss 

of choriocapillaris and normal choroidal blood flow causes local ischemia that then triggers 

pathologic neovascularization as a compensatory response (Grunwald et al., 1998; Coleman 

et al., 2013). However, alterations in choroidal blood flow and choriocapillaris dropout are 

frequently present in dry AMD in the absence of CNV, and frequently, CNV develop in 

AMD eyes without clinical or pathologic evidence of hypoxia or ischemia (Mullins et al., 

2011; Seddon et al., 2016). Thus, the precise role of choroidal ischemia or hypoperfusion in 

the induction of CNV remains uncertain.

An alternative stimulus for CNV induction is macrophage-mediated inflammation. 

Numerous histopathologic studies, including Sarks et al., have demonstrated the presence 

of macrophages in association with the leading edge of CNV vascular structures, adjacent 

to or within a thinned and irregular Bruch’s membrane (Sarks et al., 1997). These 

observations suggest that macrophages might promote the initial development of neovessels 

via release of angiogenic factors, inflammatory cytokines, or matrix-degrading enzymes, 

to mediate the initial response to the locus of injured or diseased tissue. Macrophages 

have also been observed in close association with endothelial progenitor cells (EPCs) in 
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surgically excised CNV specimens (Sheridan et al., 2006), suggesting that macrophages may 

directly participate in the early recruitment of cellular components to the incipient CNV. 

In the experimental model of murine laser-induced CNV, pretreatment with intravitreal 

corticosteroid inhibits incipient CNV development and completely suppresses new 

formation, with prevention of inflammatory monocyte/macrophage infiltration, suggesting 

that preventing inflammatory cell infiltration can suppress CNV induction (Ishibashi et al., 

1985; Ciulla et al. 2001, 2003).

Data from clinical studies of NVAMD patients also support the concept that macrophages 

play a key role in CNV induction and conversion to NVAMD. In a case-control study, 

we isolated circulating monocytes from the peripheral blood of patients with dry AMD, 

patients with NVAMD, and age-matched control subjects, to assess whether monocyte 

expression of the inflammatory cytokine TNF-α was associated with disease state (Cousins 

et al., 2004). We observed a wide variability in monocyte TNF-α expression among 

different patients, indicating a heterogeneity in monocyte activation state in the general 

population. Additionally, we observed that patients with monocytes expressing high levels of 

TNF-α demonstrated the highest prevalence of NVAMD, suggesting that pro-inflammatory 

monocyte activation state, as reflected by increased expression of TNF-α, is associated 

with increased risk of NVAMD as compared to patients with dry AMD. In a subsequent 

case-control study to assess potential association of NVAMD with other monocyte markers, 

we reproduced this finding, affirming monocyte TNF-α as a key marker associated 

with NVAMD, and we also found that reduced monocyte expression of complement 

receptor 1 (CR1) was independently and significantly associated an increased risk of 

NVAMD. CR1 is found on monocytes and macrophages and serves as a receptor for 

C3b that when bound, endocytoses and sequesters C3b, effectively limiting activation of 

complement and downstream inflammatory cascades (Carroll, 2004); potential roles for 

complement activation in AMD have been extensively reviewed (Toomey et al., 2018). 

Based on this rationale, monocyte CR1 may serve a primary protective function against 

NVAMD development by direct negative regulation of complement activation at the locus 

of disease in dry AMD, and decreased CR1 expression on inflammatory macrophages 

could thus be permissive for NVAMD progression. Thus, taken together, we would infer 

that the inflammatory monocytes/macrophages mediate CNV induction. Indeed, using the 

experimental model of murine laser-induced CNV, several investigators have demonstrated 

a key role for CCR2+ inflammatory monocytes (which express TNF-α, IL-1β, NOS2, 

VEGF, and proteases such as MMP-9) in the early development of CNV, as genetic deletion 

of CCR2 and reduction of this inflammatory monocyte subset substantially reduces CNV 

induction (Tsutsumi et al., 2003; Lavalette et al., 2011; Liu et al., 2013; Krause et al., 

2014). Evaluation of monocyte activation state as a predictor of conversion to NVAMD in a 

prospective cohort study of dry AMD patients as well as investigations of monocyte subsets 

in patients with NVAMD is needed to further support this hypothesis.

Other investigators have demonstrated that monocytes from NVAMD patients have altered 

transcriptomes as compared to controls (Grunin et al., 2016). In addition, inflammatory 

cytokine receptors CCR1 and CCR2 are co-upregulated on intermediate CD16+ monocytes 

from NVAMD patients (Grunin et al., 2012) and CD200 upregulated on circulating CD11b + 

monocytes in NVAMD patients as compared to controls (Singh et al., 2013). Interestingly, in 
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our second case-control study, we found that monocyte VEGF expression was not associated 

with NVAMD. To further add to this perspective, the PRO-CON clinical trial found 

that intravitreal anti-VEGF treatment with aflibercept was not efficacious as prophylactic 

treatment against progression to NVAMD, as compared to sham injection, in high-risk 

fellow eyes with dry AMD, when assessed either at 1 year or 2 years of treatment (Heier, 

2019; Puliafito and Wykoff, 2019). Taken together, these data collectively support the 

concept and hypothesis that the specific biologic triggers of NVAMD progression and 

incipient CNV induction include macrophage-mediated inflammation, and further supports 

exploring the role of other key inflammatory and immune-mediated mechanisms as potential 

causes of conversion to NVAMD disease. Based on our findings, we speculate that 

pro-inflammatory monocyte/macrophages may directly trigger NVAMD onset, promoting 

incipient CNV induction via release of inflammatory meditator such as TNF-α and perhaps 

other cytokines such as IL-1β or IL-6, enabling subsequent new vessel formation. These data 

also highlight the potential utility of targeted anti-inflammatory drugs as potential therapies 

to prevent progression to NVAMD and provide a sound rationale for case-control studies 

assessing rates of NVAMD in patient populations receiving anti-inflammatory biologic 

drugs for systemic (e.g. rheumatologic) diseases. In this regard and of relevance to our 

findings, epidemiologic studies suggest a decreased risk of NVAMD among rheumatoid 

arthritis patients receiving anti-inflammatories, including targeted anti-TNF-α therapies 

(McGeer and Sibley, 2005).

2.10.2. Macrophage biology and capillary angiogenesis—While our findings 

indicate that capillary formation can occur in the absence of blood-derived macrophages 

in old mice, this does not preclude the possibility that macrophages might still contribute to 

capillary angiogenesis. The vast majority of studies of experimental laser-induced CNV in 

the literature assess CNV biology in unmanipulated, wild-type young (i.e., 2–4 month old) 

mice, which, as we have demonstrated, manifest capillary CNV lesions via angiogenesis 

and maturation. Numerous studies of young mice have found that following initial CNV 

induction, macrophages are recruited to the site of incipient neovessel formation and 

contribute to capillary angiogenesis and maturation via release of growth factors (Liu 

et al., 2013; Krause et al., 2014). Inflammatory macrophages recruited to the incipient 

CNV following induction can promote angiogenesis either directly via release of VEGF or 

indirectly via release of inflammatory cytokines, which stimulate the RPE to produce VEGF 

and macrophage recruitment factors such as MCP-1 and IL-8 (Kent and Sheridan, 2003). 

In young mice, CD163+ reparative macrophages begin to infiltrate the lesion at day 4 and 

express high levels of factors such as VEGF, PDGF, FGF-1, Ang-1, Ang-2, and IL-10, as 

histopathology with immunostaining of CNV in the laser model demonstrate localization of 

angiogenic factors with reparative macrophages (Kent and Sheridan, 2003; Li et al., 2017).

Beyond a potential role in NVR biology, IL-10 activation of reparative CD163+ 

macrophages may also contribute to the biology of capillary angiogenesis, as genetic 

deletion of IL-10 has also been shown to reduce capillary CNV size in the laser-induced 

CNV model (Apte et al., 2006; Kelly et al., 2007). Multiple studies have also demonstrated 

that macrophages may also contribute to capillary angiogenesis, as depletion of circulating 

monocytes by systemic clodronate administration or by systemic monocyte or local 
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macrophage depletion using CD11b + -DTR system in young mice can reduce capillary 

CNV lesion size (Sakurai et al., 2003; He and Marneros, 2013).

In correlative studies of NVAMD, circulating monocytes of NVAMD patients have been 

shown to express high levels of VEGF relative to controls (Chen et al., 2016; Lechner et al., 

2017), suggesting that blood-derived macrophages may directly contribute to angiogenesis 

in NVAMD, while other data suggest that monocytes from NVAMD patients produce 

higher levels of MCP-1 and IL-8, both macrophage chemotactic factors, indicating that 

recruited macrophages may also indirectly amplify angiogenesis via ongoing recruitment 

of monocytes to the site of CNV formation (Lechner et al., 2017). Thus, infiltrating 

macrophages, of both the inflammatory and reparative subsets, may contribute to capillary 

CNV formation via production and secretion of relevant growth factors and cytokines that 

promote and amplify angiogenesis and maturation. This has relevance to understanding 

the basis of not only a minority subset of NVAMD disease with capillary lesions but 

also for patients with CNV in the setting of pathologic myopia or secondary to ocular 

histoplasmosis, who are younger in age and typically manifest Capillary pattern CNV 

(Wong et al., 2015; Wood et al., 2018).

2.11. Bone-marrow derived mesenchymal precursor cells confer susceptibility to NVR

One of the key distinctions between arteriolar and capillary CNV phenotypes is the type of 

mural support cell. While pericytes are the predominant mural cell in capillary, development 

of arteriolar CNV requires the recruitment and activation of VSMCs and collagen-producing 

myofibroblasts via macrophage-derived pro-fibrogenic factors, as we have demonstrated 

in previously described studies. Our group has also had a longstanding interest in the 

origination of various cells types within CNV, including cells that give rise to mural support 

cells: pericytes in capillary angiogenesis and VSMCs and myofibroblasts in NVR (Espinosa-

Heidmann et al. 2003b, 2005; Csaky et al., 2004; Reinoso et al., 2004). In the conventional 

paradigm for new vessel formation, VSMCs and myofibroblasts arise from one of three 

local sources within the eye: 1) activated pericytes and VSMCs resident at existing choroidal 

arteries or arterioles (Luo et al., 2018); 2) activated choroidal fibroblasts; or 3) RPE cells 

that undergo epithelial to mesenchymal transition (EMT) (Little et al., 2018). Alternatively, 

we have found that a major (fourth) source of mural support cells in the laser CNV mouse 

model is the bone marrow (Espinosa-Heidmann et al. 2003b, 2005, 2013).

It is well established that bone marrow contains pluripotent stem cells, which can 

differentiate into precursor cells for blood cells (leukocytes, red blood cells, platelets). 

However, bone marrow also contains precursors that for cell types that can form blood 

vessels, including endothelial precursor cells (EPCs), which become endothelial cells, and 

mesenchymal precursor cells (MPCs), which can become blood vessel mural support cells: 

pericytes or VSMCs and myofibroblasts (Asahara et al., 1999; Sata et al., 2002). These cells 

can exit the bone marrow, enter the circulation, and are recruited to sites of new vessel 

formation where they differentiate into mature cells, in situ—a phenomenon called postnatal 

vasculogenesis.

MPCs have been shown to arise from bone marrow hematopoietic precursor cells that are 

lineage-negative (Lin-) (i.e., negative for lineage markers of mature cells) and that may 
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express one or more “stem” cell surface markers, such as c-kit (CD117), Sca-1, CD34 

(Sata et al., 2002; Czarna et al., 2017; Bali et al., 2018). Studies evaluating MPCs have 

identified the potential of multiple Lin-bone marrow cell populations to give rise to mural 

support cells, with comparisons across studies made additionally complex by differences in 

experimental methodologies and models. Thus, consensus markers for bone marrow-derived 

MPCs in postnatal vasculogenesis have not been definitively established. Importantly, 

however, MPCs are distinct from mesenchymal stem cells, which are multipotent stromal 

cells that can differentiate into osteocytes, myocytes, and adipocytes, but not hematopoietic 

cells (Pittenger et al., 1999).

Our group was the first to demonstrate that bone marrow-derived precursor cells are a source 

of endothelial and mural support cells in experimental CNV. In analysis of laser-induced 

CNV in GFP bone marrow chimeric mice (i.e., transplant of GFP-labeled bone marrow to 

wild-type recipient mice following lethal irradiation), we have observed that CNV contain 

abundant bone marrow-derived (GFP-labeled) cells that give rise to both endothelial cells 

and to pericytes and smooth muscle cells in both old and young mice (Espinosa-Heidmann 

et al., 2003b). We affirmed the contribution of bone marrow-derived EPCs in a separate 

model of murine CNV, subretinal injection of adenoviral vector expressing VEGF165 

(Ad.VEGF165). Lethally irradiated female recipient mice of bone marrow—isolated from 

male transgenic mice expressing LacZ driven by the endothelial cell specific Tie-2 promoter

—had CNV in which 27% of lectin-positive endothelial cells were found to be bone 

marrow-derived (Csaky et al., 2004).

To characterize the effects of aging on the relative contributions of EPCs and MPCs 

to CNV phenotype, we undertook a series of studies in the experimental laser CNV, 

performing transplantation of bone marrow (BMT) from old (16 month old) GFP + donor 

mice to wild-type young (2 month old) recipient mice and the reciprocal transplantation 

of young GFP + donor bone marrow to old wild-type recipients (Figs. 17–19) (Espinosa-

Heidmann et al., 2013). We observed that BMT from old GFP + donor mice to young 

recipient mice transferred the Arteriolar phenotype in the laser CNV model (Fig. 17F), 

whereas control young mice recipients of young GFP + donor bone marrow retained the 

Capillary phenotype (Fig. 17B) (Espinosa-Heidmann et al., 2013). CNV lesions of young 

mice recipients of old GFP + donor bone marrow contained approximately 2.5-fold more 

marrow MPC-derived SMA + VSMCs and myofibroblasts (Fig. 18B and C, lower graph), 

as compared to CNV lesions of control young mice recipients of young GFP + donor 

bone marrow (Fig. 18A and C, lower graph), in association with greater arteriolarization 

and increased deposition of collagen within CNV. The proportion of marrow EPC-derived 

CD31+ endothelial cells in young mice recipients of old GFP + donor bone marrow was not 

significantly different as compared to control young mice recipients of young GFP + donor 

bone marrow (Fig. 18C, upper graph). We also observed that reciprocal transplant of young 

GFP + donor bone marrow into old wild-type recipients transferred the Capillary phenotype 

into old recipient mice (Fig. 17C), with few MPC-derived VSMCs and myofibroblasts 

in old recipients, whereas control old mice recipients of old GFP + donor bone marrow 

retained the Arteriolar phenotype (Fig. 17E). We found that old bone marrow contains much 

greater frequency of the SM22+ MPC subtype that gives rise to vascular smooth muscle 

cells and myofibroblasts than does young marrow, and that MPCs label CD34+ (Espinosa-
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Heidmann et al., 2013). Additionally, we observed that adoptive transfer of old donor Lin-, 

CD34+ precursor cells into young recipient mice at the time of laser induction (without 

irradiation or preceding bone marrow transplant) was sufficient to transfer the arteriolar 

CNV phenotype, as compared to control adoptive transfer of young donor Lin-, CD34+ 

precursor cells into young recipient mice, which did not alter the Capillary phenotype (Fig. 

19) (Espinosa-Heidmann et al., 2013).

Collectively, these studies of bone marrow-derived precursors indicate that: (1) aging 

increases the relative frequency of the MPC subtype in bone marrow that gives rise 

to VSMC and myofibroblasts; (2) MPCs circulate and are recruited to incipient CNV; 

and (3) within CNV, the MPC subtype predominant in old mice, provisionally identified 

as Lin-, CD34+, SM22+, differentiates into VSMCs and myofibroblasts, contributing to 

arteriolarization and fibrosis, while the MPC subtype predominant in young mice gives 

rise to pericytes, which participate in capillary angiogenesis and maturation. (4) taken 

together with macrophage biology in laser CNV (Fig. 11) (Espinosa-Heidmann et al., 

2003a) and the investigation of early macrophage recruitment and activation of VSMCs 

and myofibroblasts (Fig. 12), CNV-infiltrating macrophages are most likely the primary 

cells mediating recruitment and activation of MPCs into CNV. The clinical implications of 

these findings are that circulating MPCs may play a role in the regulation of NVR. We 

have developed a method to isolate MPCs from blood of patients and grow them in culture, 

characterizing functional markers by gene expression analysis and assessing response to 

pro-fibrogenic factors to affirm their identify as MPCs. Preliminary work has identified 

circulating MPCs as Lin-, NG2+, SMemb+ and efforts are underway to identify additional 

putative markers and analyze gene expression of MPCs. In ongoing work in our laboratory, 

we are testing the hypothesis that there are two distinct subtypes of MPCs, assessing 

whether NVAMD patients with arteriolar phenotype and PDA, as compared to NVAMD 

eyes with capillary phenotype and anti-VEGF responsive disease, demonstrate differences in 

MPCs isolated from peripheral blood.

2.12. Integrated hypothesis for the role of blood-derived macrophages and MPCs in NVR

Importantly, these data do not exclude the impact of age of bone marrow-derived monocytes 

in NVR. In fact, we hypothesize that both macrophages and MPCs are necessary for the 

development of NVR (Fig. 20). Collectively, these data support the conceptual hypothesis 

that NVR occurs as a result of cross-talk between macrophages and MPCs, wherein 

infiltrating blood-derived macrophages (Fig. 20A) recruit bone-marrow derived MPCs from 

the circulation (Fig. 20B) and activate them to become vascular smooth muscle cells 

(VSMC) and myofibroblasts, establishing the template for arteriolar phenotype (Fig. 20C–

D), early in the process of CNV formation and development (Espinosa-Heidmann et al., 

2013). For example, one such effector signaling mechanism linking macrophages and MPCs 

may be increased EPO/EPOR signaling (discussed in detail in Section 2.9.5) (Bretz et al., 

2018), which 1) has been shown to promote macrophage recruitment to the choroid and is 

associated with increased inflammatory effector cytokine production in murine laser CNV; 

and 2) has also been found to be associated with increased number of circulating CD34+ 

precursor cells in NVAMD patients with active CNV and PDA, as compared to NVAMD 

patients with stable, inactive CNV (Yodoi et al., 2007). It is quite plausible that other 
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signaling mechanisms may similarly link regulate the cross-talk between macrophages and 

MPCs in the setting of NVR. The broader implication of this hypothesis is that two distinct 

bone marrow-derived cell types regulate pathobiology of new vessel formation in the eye. If 

true, this would indicate that at the onset of NVAMD, the eye is an opportunistic target of a 

systemic biology.

To better understand whether NVR may represent a systemic biology, we have developed 

a model for in vivo neovascularization using a Matrigel chamber implant. In this model, 

a hollow cylindrical silicone tube affixed to a coverslip serves as a reservoir for growth-

factor depleted Matrigel, an extracellular matrix substrate. The Matrigel chamber is then 

implanted into the subcutaneous perineum, with the Matrigel substrate in direct contact 

with mechanically injured peritoneal tissue. The skin is secured over the implant and vessel 

ingrowth into Matrigel substrate is allowed to occur in a defined structure and orientation. 

Two weeks later, the skin is opened to expose the Matrigel implant, and analysis performed 

by in vivo ICGA and subsequent postmortem histology. We performed the Matrigel chamber 

assay in old mice as compared to young mice, and our findings were consistent with 

our observations in the laser CNV model. Old mice demonstrated arteriolarized vessels, 

with significantly higher frequency of large-caliber SMA + -vessels and increased vascular 

invasiveness into the implant, in association with increased macrophage infiltration (Fig. 

21). These intriguing findings suggest that NVR may be generalizable as a systemic biology 

to other vascular beds outside of the eye, and work is ongoing to more fully characterize the 

cell types and specific mediators in this model of neovascularization.

There remains much to be explored and understood about the regulatory mechanisms 

for NVR. However, modulation of the cross-talk between reparative macrophages and 

MPCs may represent a novel therapeutic strategy to target the biology of NVR and 

address the clinical unmet need of PDA and anti-VEGF resistant NVAMD. While several 

alternative treatment approaches beyond anti-VEGF monotherapy are presently employed 

in clinical practice (discussed in next Section 2.12 of this review), none of these currently 

available approaches specifically target macrophages or MPCs. Future approaches to target 

macrophages and MPCs, and the biology of NVR are discussed in Section 2.13 of this 

review.

2.13. Current treatment approaches for PDA in NVAMD

2.13.1. Combotherapy with verteporfin photodynamic therapy for persistent 
fluid and hemorrhage—Presently, beyond anti-VEGF drugs, there are no other 

intravitreal drug therapies that have been FDA-approved for the treatment of NVAMD, 

and there are no treatments that have been specifically approved for the treatment of 

PDA in spite of anti-VEGF therapy. Many investigators, including our own group, have 

employed ICGA-directed verteporfin photodynamic therapy (PDT) for the treatment of PDA 

in NVAMD.

Verteporfin PDT was initially approved by the FDA in 2000 as the first pharmacologic 

therapy for NVAMD, and specifically for the Type 2 MNV (i.e., predominantly classic 

CNV) FA leakage subtype, on the basis of the Treatment of Age-related Macular 

Degeneration With Photodynamic Therapy (TAP) study, which demonstrated that PDT 
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reduced the frequency of 15-letter (i.e., 3-line) vision loss at 12 months, as compared to 

placebo, in eyes with Type 2 MNV (TAP Study Group 1999). In this treatment, verteporfin 

is intravenously administered, and as it circulates through the choroidal vasculature, it is 

activated by directing a nonthermal red laser of 693 nm wavelength at the MNV lesion, 

with treatment customized by spot size, fluence energy level, and treatment duration. 

Once photoactivated, verteporfin triggers production of reactive oxygen species that cause 

damage at the endothelium of the vasculature targeted by the laser. This locally induced 

phototoxicity is believed to cause platelet aggregation and thrombosis and ultimately vaso-

occlusion of the MNV, which remains inactive until there is reperfusion. This treatment 

superseded thermal laser for Type 2 MNV (i. e. predominantly classic CNV) shortly after 

its introduction. However, once anti-VEGF therapies changed the treatment paradigm for 

NVAMD, PDT was abandoned as a first-line therapy.

Multiple studies have evaluated verteporfin PDT as a combotherapy for NVAMD, including 

DENALI (U.S. and Canada) MONTBLANC (Europe), and EVEREST (Asia, specifically 

for the PCV subtype), which were all multicenter, double-masked, randomized controlled 

trials (RCT) that assessed the efficacy of verteporfin PDT + ranibizumab, vs. ranibizumab 

monotherapy (Larsen et al., 2012; Koh et al., 2012; Kaiser et al., 2012). None of 

the studies demonstrated that combotherapy was superior to ranibizumab monotherapy, 

but non-inferiority margins were met in MONTBLANC and EVEREST. In EVEREST, 

combotherapy was more effective at achieving polyp regression than ranibizumab 

monotherapy. Subsequently, EVEREST II (multicenter RCT, also in Asia), once more 

compared verteporfin PDT + ranibizumab, vs. ranibizumab monotherapy, albeit with a 

different trial design (Koh et al., 2017). All participants received 3 consecutive monthly 

ranibizumab injections, followed by a rigorous PRN treatment regimen for continued 

ranibizumab therapy. Participants also received either PDT or sham on day 1 (depending 

on study group assignment), followed by a PRN regimen for additional PDT or sham, based 

on the presence of active polypoidal lesions. At 12 months, the combination regimen was 

not only noninferior to ranibizumab monotherapy for improvement in best-corrected visual 

acuity (BCVA), but actually superior in analyses of vision improvement (8.3 vs 5.1 ETDRS 

letters, respectively; mean difference, 3.2 letters) and complete polyp regression (69.3% 

vs 34.7%, respectively, P < 0.001). Furthermore, adding PDT minimized the ranibizumab 

injection burden (median of 4.0 vs 7.0, respectively) in the combotherapy group. Thus, data 

from EVEREST II support the combination of PDT and anti-VEGF therapy as primary 

treatment for patients with NVAMD of the PCV subgroup, establishing proof of principle 

that a combotherapy strategy can be efficacious in a well-defined and readily identifiable 

subpopulation of NVAMD patients.

Traditionally, application of PDT was guided by FA, wherein the spot size was adjusted 

to the greatest linear diameter that encompasses the entire area of “classic” leakage by 

FA (TAP Study Group 1999). Although this approach achieves vaso-occlusion in a high 

percentage of cases, it also carries at least a 1%–2% risk of sudden vision loss secondary 

to occlusion of normal choroidal vasculature (Newman, 2016). To avoid both inadvertent 

vaso-occlusion of normal choroid and to limit any local inflammatory response, we use 

indocyanine green angiography (ICGA)-guided PDT to visualize the discrete feeder vessel 

to the CNV lesion (especially in Arteriolar or PCV subtypes) and to decrease the spot size 
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application; this approach has been shown to have lower rate of vision loss and adverse 

effect as compared to traditional FA-guided PDT applied to the entire leakage area (Otani et 

al., 2007; Koh et al., 2012).

We have utilized ICGA-directed PDT as an adjunctive therapy to manage PDA in spite 

of monthly anti-VEGF therapy, in patients with Arteriolar pattern CNV (targeting the 

feeder vessel), PCV (targeting the polyps and feeder vessel originating the branching 

vascular network), and choroidal leak syndrome (CLS, or pachychoroid) (targeting the 

area of leakage on FA) (see example, Fig. 22). From our studies of ICGA morphologic 

subtypes, including the PERSIST study, we have observed that these three subgroups 

collectively exhibit PDA in approximately 55–60% of cases. In the RESIST study, an 

open-label, prospective, investigator-initiated study (ClinicalTrials.gov NCT02452840), we 

assessed the efficacy of adjunctive ICGA-guided verteporfin PDT for the treatment of 

PDA in spite of anti-VEGF therapy (Mettu et al., 2017). Patients were followed for 12 

months after enrollment, with PDT performed and aflibercept administered at the time 

of enrollment; aflibercept was administered on a treat-and-extend basis (monthly if PDA, 

extension permitted if quiescent), while PDT could be repeated on an as needed basis at 

3-month intervals for persistent or recurrent disease activity. We found that the addition 

of verteporfin PDT improved anti-VEGF treatment response, such that, by 12 months, 

90.9% of patients with prior PDA were able to achieve disease quiescence. Furthermore, 

68.2% of these patients who previously had PDA in spite of every 4 week treatment were 

subsequently able to extend treatment interval to every 6 weeks or every 8 weeks by the 

12-month timepoint, while maintaining disease quiescence. As PDT was added following 

loading dose or points later following initial diagnosis, and the study population reflected 

a highly selected population with “harder to treat” disease, the addition of combotherapy 

produced modest visual acuity gains from baseline (+2.5 letters). We have also observed 

similar results for resolution of PDA in applying ICGA-directed PDT for patients with 

NVAMD and serous PED (Jindal et al., 2017). In both studies, in many cases of Arteriolar 

and PCV subtypes, full vaso-occlusion was not essential to achieve resolution of persistent 

fluid and hemorrhage; in such cases, we observed that reduced blood flow through the CNV 

lesion was sufficient to achieve a therapeutic effect with subsequent resolution of PDA. 

Thus, the efficacy of adjunctive PDT for the treatment of PDA by reducing CNV blood flow 

establishes proof of principle that persistent leakage and hemorrhage in cases of Arteriolar 

and PCV subtypes is caused by hemodynamics of high blood flow within neovascular 

lesions and further suggests that verteporfin + PDT can be an effective combotherapy for the 

treatment of NVAMD patients with PDA.

2.13.2. Retinal surgery for the treatment of persistent hemorrhage—As 

discussed, subretinal hemorrhage in the macula, also known as submacular hemorrhage, 

can be associated with severe vision loss (i.e., loss of three or more lines of visual acuity), 

especially in the absence of treatment (Avery et al., 1996). Small to medium-sized areas 

of submacular hemorrhage (e.g., 1–2 disc areas or less) can be treated with continued anti-

VEGF injections (Altaweel et al., 2015). However, eyes with large submacular hemorrhages 

frequently sustain poor outcomes with anti-VEGF treatment in clinical practice. Such 

patients were excluded from pivotal clinical trials for anti-VEGF drugs. For these patients, 
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an alternative vitreoretinal surgical approach can be considered to manage large submacular 

hemorrhage. The Submacular Surgery Trial, performed prior to the advent of anti-VEGF 

drugs, was a randomized clinical trial that compared direct evacuation of the hemorrhage 

and CNV lesion through one or more retinotomies following pars plana vitrectomy, vs. 

observation (Bressler et al., 2004). In this setting, surgery did not offer vision benefit and 

carried a high risk of complications, including retinal detachment and macular fibrosis. For 

this reason, direct evacuation as a surgical strategy has generally fallen out of favor. An 

alternative approach is pars plan vitrectomy, with subretinal injection of tissue plasminogen 

activator (tPA) to attempt to break down clotted blood, and pneumatic displacement of 

hemorrhage out of the central macula (Haupert et al., 2001). Variations of this approach 

utilizing fluid-air or fluid-gas exchange with postoperative face down positioning have 

been described, along with the addition of anti-VEGF administration immediately following 

surgery. Several series utilizing this approach have demonstrated anatomic success with 

benefits to visual acuity (with variability in successful vision improvement likely due to size 

and chronicity of hemorrhage, degree of foveal involvement, and baseline underlying AMD 

disease state prior to hemorrhage) (Olivier et al., 2004; Lincoff et al., 2008; Treumer et al., 

2012). Office-based procedure with intravitreal injection of tPA and pneumatic displacement 

of hemorrhage have also been described (Ohji et al., 1998; Hesse et al., 1999; Hassan et 

al., 1999; Chen et al., 2007). In most cases, continued treatment with anti-VEGF therapy 

following surgery remains a critical component of effective management of disease activity 

and optimization of vision outcome (Stifter et al., 2007). In general, while anti-VEGF 

therapy can be used for management of small to medium-sized hemorrhages, surgical 

approaches may be considered for patients with submacular hemorrhage covering a majority 

of the macular area and encompassing the central fovea.

2.14. Development of novel combotherapies for NVAMD

Over the past decade, there have been many failed or terminated clinical development 

initiatives for NVAMD, including novel drugs that have targeted specific aspects of vascular 

biology: platelet derived growth factor (PDGF) (pegpleranib; Ophthotech), PDGF receptor 

(PDGFR) (rinucumab; Regeneron), and angiopoietin 2 (Ang2) (nesvacumab; Regeneron), 

to name a few examples (Rosenfeld and Feuer, 2018; Puliafito and Wykoff, 2019). These 

failures underscore two critical needs: 1) to more clearly understand the causes of vision 

loss beyond VEGF-mediated angiogenesis and exudation and to assess whether these 

causes have a potentially drugable target for restoration of vision; and 2) to identify 

subpopulations of patients who are likely to benefit from novel drugs directed against 

such targets. Studies of NVR pathobiology inform the first need. Morphologic phenotyping 

of MNV by clinical angiography (either ICGA or in the near future, next generation swept-

source OCT angiography) and perhaps blood-based biomarkers, such as those investigating 

monocytes (and potentially MPCs), could in theory be useful companion diagnostics to 

inform the second need, to rationally select NVAMD patients who might benefit from a 

novel combotherapy drug candidate.

It is our perspective that additional therapeutic targets identified from studies of capillary 

angiogenesis in experimental CNV are high risk for failure in drug development because 

1) anti-VEGF drugs are already highly effective for patients with capillary CNV lesions 
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in terms of disease control and optimal vision outcomes, and additional drugs targeting 

capillary angiogenesis biology are unlikely to produce a substantive marginal benefit for 

improved vision; and 2) such targets may not necessarily inform PDA in patients with 

arteriolar CNV. As a case in point, efforts to develop drugs targeting PDGF (pegpleranib, 

Ophthotech) and PDGFR (rincumab, Regeneron) and the relevant biology of capillary 

maturation failed to produce vision benefit as combotherapy over anti-VEGF monotherapy 

alone (Jaffe et al., 2017; Dunn et al., 2017; Heier et al., 2020).

2.14.1. Therapies to improve leakage control—Clinically, patients with PDA and 

arteriolar CNV frequently manifest persistent leakage from the marginal CNV rim, which 

is comprised of terminal anastomotic arteriovenous loops. Thus, it is possible that persistent 

leakage in this setting is due to a failure of endothelial tight junction formation within these 

arteriovenous loops. Within the angiopoietin-Tie2 signaling pathway, Ang2 has been shown 

to promote disassembly of endothelial cell tight junctions, and experimentally, blockade 

of Ang2 permits formation of tight junctions, stabilization of vessels, and reduction in 

exudation (Akwii et al., 2019). Based on this biologic rationale, several efforts to develop 

Ang2-targeted biologic drugs have been undertaken or are underway. The ONYX Phase 2 

clinical trial of combotherapy nesvacumab (Regeneron, targeting Ang2) + aflibercept failed 

to show a superior vision benefit over aflibercept alone (Hussain et al., 2019). Meanwhile, 

the LUCERNE and TENAYA Phase 3 clinical trials of faricimab (bi-specific antibody 

targeting VEGF and Ang2, Roche), as compared to aflibercept, have fully enrolled as of 

September 2019, and, as of the time of this review, primary study completion is expected 

in August 2021. A slightly different approach to modulating Tie2 signaling is inhibition 

of vascular endothelial-protein tyrosine phosphatase (VE-PTP), negative regulator of Tie2 

signaling; blockade of VE-PTP could theoretically promote neovascular quiescence through 

permissive Tie2 activation (Shen et al., 2014).

All of the currently available drugs target VEGF-A (aflibercept also targets VEGF-B and 

PlGF). As noted, one potential hypothesis for loss of drug effectiveness is upregulation 

of other factors that promote fluid leakage, such as VEGF-C and VEGF-D (Cabral et al., 

2018). OPT-302 (Opthea) is a VEGF-C/D “Trap” molecule, a recombinant fusion protein 

that binds VEGF-C and VEGF-D and blocks their binding to VEGFR-2 and VEGFR-3 

receptors. Phase 2b clinical trial of combotherapy OPT-302 + ranibizumab vs. ranibizumab 

monotherapy provided intriguing findings, as the study achieved its primary endpoint, 

demonstrating superiority in visual acuity, with mean + 14.22 letters for combotherapy 

OPT-302 2.0 mg + ranibizumab, vs. 10.84 letters for ranibizumab alone (p = 0.01) (Al-

Khersan et al., 2019). There was a trend toward reduced persistent disease activity in 

the combotherapy group, though small patient numbers in the post hoc analysis preclude 

definitive conclusions about whether blockade of VEGF-C and VEGF-D mediates effects 

via improved control of exudation. Phase 3 testing in underway.

Drugs that directly target endothelial cells to promote tight junction formation, such as 

agonists of liver X receptor (LXR), a family of nuclear receptors (de Wit et al., 2017), 

might be also be effective therapies to achieve quiescent disease. Additionally, since 

macrophage-derived effector molecules may mediate persistent endothelial cell dysfunction 

and deficient tight junction formation, macrophage-directed therapies may be effective for 
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this subpopulation of patients (see the next Section 2.13.2 for additional discussion of 

potential macrophage targets).

2.14.2. Limiting progressive fibrosis—Given the role of macrophages and MPCs 

in the biology of arteriolarization and fibrosis, targeting the cross-talk between these 

two cell types offers several potential strategies to limit progressive fibrosis, including 

downregulation of macrophage effector function, targeted inhibition of pro-fibrogenic 

factors, blockade of MPC recruitment, and/or suppression of activation and differentiation of 

myofibroblasts. While we have been primarily interested in strategies to limit macrophage 

effector function in the setting of NVR, strategies directed against MPCs or other 

mesenchymal cells that give rise to myofibroblasts and vascular smooth muscle cells could 

be an alternative therapeutic strategy to limit fibrosis.

Macrophages use calcium as a major second messenger system for cellular activation. 

The intermediate kinase calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) 

is expressed in macrophages and has been shown to regulates macrophage activation 

in response to lipopolysaccharide (LPS), amplifying expression of effector mediators 

(Racioppi et al., 2012; Racioppi and Means, 2012). CaMKK2 knockout impairs the 

ability of macrophages to adhere and extend membrane processes, reducing macrophage 

accumulation and diminishing cytokine release in response to certain toxins. CaMKK2 

activation in macrophages is not specific to LPS but can occur with exposure to any 

stimuli that increases intracellular calcium and upregulate calmodulin activity (Zhang et 

al., 2008; Kelly et al., 2010). CaMKK2 activation in tumor-associated macrophages appears 

to facilitate escape from immunosurveillance and may also contribute to tumor angiogenesis 

(Racioppi et al., 2019). Importantly, CaMKK2 functions as an amplification circuit for 

signaling in immune cells, and genetic deletion or pharmacologic inhibition of CaMKK2 

in mouse models diminishes inflammation but does not modify calcium homeostasis or 

cause immunosuppression (Racioppi et al., 2012; Racioppi and Means, 2012). In assessing 

a potential role for CaMKK2 in NVR, we have observed that CaMKK2 − /− mice exposed 

to low-grade LPS are protected from the NVR phenotype in experimental CNV (Fig. 23). 

As compared to wild-type (WT) mice exposed to low levels of LPS, which demonstrate 

arteriolar CNV, CaMKK2 − /− mice demonstrate smaller capillary lesions with significant 

reduction in CNV size as assessed by flatmount (Fig. 23). This intriguing finding suggests 

that CaMKK2 activation is a regulatory node in macrophage-mediated NVR and that 

targeted inhibition of CaMKK2 may be a viable strategy to limit the development of 

progressive fibrosis. Work is ongoing in our laboratory to more fully characterize the role of 

macrophage CaMKK2 in NVR and to determine whether it may be a potentially drugable 

target in NVAMD.

Several investigators have highlighted other potential mechanisms in macrophages that could 

be relevant to NVR biology. Modulation of macrophage signal transducer and activator 

of transcription 3 (STAT3) signaling (Izumi-Nagai et al., 2007), inhibition of macrophage 

Rho-associated kinase (ROCK2) (Zandi et al., 2015), and inhibition of receptor interacting 

serine/threonine-protein kinase 1 (RIP1) kinase (Ueta et al., 2019) may downregulate 

reparative macrophage effector biology in the setting of CNV formation and growth, 

which may be sufficient to prevent fibrosis. Activation of LXR in macrophages may 
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downregulate reparative macrophage effector function by reverse cholesterol efflux and 

improved cholesterol homeostasis (Sene et al., 2013). Other potential therapeutic strategies 

include targeting of cytokines that upregulate reparative macrophage effector function, 

such as IL-10, and targeting macrophage-derived soluble mediators that promote fibrosis 

via MPC activation, including transforming growth factor-β (TGF-β), insulin-like growth 

factor 1 (IGF-1), and fibroblast growth factor (FGF) (Wynn and Barron, 2010). Lastly, 

targeting the production of matricellular proteins produced by MPCs and fibroblasts, 

especially connective tissue growth factor (CTGF) and osteonectin, may reduce subsequent 

development of fibrosis (Sawyer and Kyriakides, 2016).

3. Suboptimal vision recovery (SVR) in NVAMD

3.1. Definition and clinicopathologic manifestations

A significant proportion of NVAMD patients have suboptimal vision outcomes in spite of 

aggressive treatment and suppression of exudative disease. In clinical trials of anti-VEGF 

drugs, less than 40% of patients achieve significant improvement in vision (i.e., three or 

more lines of visual acuity) (Brown et al., 2006; Rosenfeld et al., 2006; Martin et al., 

2011; Heier et al., 2012; Dugel et al., 2020a). Further, in both clinical trials as well 

as long-term outcomes studies in real-world clinical practice, approximately 55–60% of 

patients have visual acuity worse than 20/40 in spite of adequate dosing (Brown et al., 2006; 

Rosenfeld et al., 2006; Martin et al., 2011; Peden et al., 2015; Heier et al., 2012; Dugel 

et al., 2020a). Why do not more of these patients achieve significant vision improvement 

with anti-VEGF treatment? For some patients, vision loss is irreversible as a result of loss 

of photoreceptors and/or RPE atrophy, occurring either as part of the NVAMD disease 

process or due to geographic atrophy in the setting of coincident dry AMD disease, which 

is reviewed elsewhere (Rosenfeld et al., 2011; Fleckenstein et al., 2018; Rozing et al., 

2020). However, many patients have vision loss that is potentially reversible, with preserved 

photoreceptors, intact RPE, and exudative disease that is quiescent without retinal swelling 

(Phipps et al., 2003). We have defined this phenomenon and clinical problem as suboptimal 
vision recovery (SVR).

The exact prevalence of SVR is unknown, largely because the clinical problem has not 

been well defined or recognized among clinicians and investigators, and remarkably little 

research has addressed the specific mechanisms for dysfunction of the neurosensory retina in 

NVAMD. While it is often assumed that photoreceptor death accounts for vision loss, this is 

not universally true. Frequently, photoreceptors, and cones in particular, seem to be spared in 

NVAMD patients with major vision deficits (Curcio et al., 1996; Medeiros and Curcio, 

2001; Curcio, 2001), suggesting that functional changes may occur in photoreceptors 

and synaptic connections in the absence of cell death. The general concept of synaptic 

dysfunction despite neuronal survival has been recognized in neurodegenerative diseases 

such as multiple sclerosis, traumatic brain injury, and Alzheimer’s disease, and has invited 

interest in neuroprotective and neurorestorative therapeutic strategies for these diseases 

(Wyss-Coray and Mucke, 2002; Raff et al., 2002; Coleman and Perry, 2002). While 

photoreceptor synaptic terminals have demonstrated plasticity in retinal diseases such as 

retinal detachment and retinal degenerations (Sanyal et al., 1992; Peng et al., 2000; Fisher et 
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al., 2001), the concept of reversible synaptic dysfunction, especially as a cause of SVR, has 

received comparably little interest in NVAMD.

In pathologic specimens from NVAMD patients with CNV, labeling of the neurosensory 

retina overlying CNV for synaptic vesicle markers, such as synaptophysin, reveals synaptic 

disorganization at the outer plexiform layer (Fig. 24B), which is frequently accompanied 

by an abundance of infiltrating macrophages within the neurosensory retina overlying CNV 

(Fig. 24B). We have observed that the vast majority of these retina-infiltrating cells stain 

positive for CD163, which labels reparative macrophages but not microglia (Lad et al., 

2015). Further, while CD68+ inflammatory macrophages are often present within CNV 

lesions, we have found they are rarely present within the neurosensory retina overlying CNV 

(Lad et al., 2015). These data suggest a potential link between synaptic disorganization and 

infiltrating, blood-derived reparative macrophages in NVAMD.

3.2. SVR: lessons from experimental CNV in mice

3.2.1. Physiologic visual loss in experimental CNV is caused by 
photoreceptor synaptic dysfunction—To better understand the relationship between 

CNV and onset and development of synaptic dysfunction in the overlying neurosensory 

retina and to investigate the role of blood-derived macrophages in mediating synaptic 

dysfunction and physiologic vision loss, we have performed a series of studies in the murine 

experimental laser-induced CNV model (Caicedo et al. 2005a, 2005b). To ensure that the 

observed effects in the retina were related to authentic biology of new vessel formation and 

not to artifact of direct thermal damage, we utilized a low-energy 810 nm infrared laser 

that induces CNV formation while minimizing injury and structural damage to the overlying 

retina (see Section 2.6 of this review). To control for potential effects of laser injury, for 

a separate set of control animals without CNV, we performed laser photocoagulation with 

a 532 nm diode green laser, which is known to induce direct retinal injury; treatment 

parameters for the 532 nm laser in controls were chosen to create only focal thermal retinal 

injury and avoid inner choroid cavitation bubble and CNV induction.

We observed that functional ERG loss occurred early at 1 week following CNV induction, 

with reduction in b-wave amplitudes but generally, preservation of a-wave amplitudes, in the 

absence of major histopathologic changes in the retina (Fig. 25) (Caicedo et al., 2005a). The 

preservation of a-wave amplitudes suggested that photoreceptor function remained intact, 

with sufficiently preserved RPE support for the photoreceptor visual cycle in spite of CNV 

formation and growth. ERG b-wave amplitudes were reduced in a time-dependent fashion 

following laser induction, and there was a direct correlation between reduction in b-wave 

amplitudes and growth and lateral extension of the CNV lesion. We observed preserved 

ERG recording immediately after laser application and CNV induction, indicating that the 

observed functional changes by ERG were due specifically to CNV formation and growth 

and not due to the artifact of thermal laser injury.

To test whether photoreceptors overlying CNV retain light adaptation function, we 

immunostained retinal sections for transducin in dark-adapted sections and assessed 

light-dependent translocation of transducin from outer segments to inner segments of 

photoreceptors on light stimulation (Caicedo et al., 2005a). We found that the retinal 
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region overlying CNV had the same immunostaining pattern as adjacent retina away from 

CNV, indicating that transducin translocation capacity of photoreceptors overlying CNV was 

preserved albeit reduced, and this capacity remained preserved even at 4 weeks after CNV 

induction (control 532 nm laser application to the retina without CNV induction caused 

loss of normal transducin translocation capacity in the setting of outer retinal injury). In 

contrast, studies of activity-dependent FM1–43 uptake, a measure of photoreceptor synaptic 

function, revealed loss of photoreceptor synaptic function in the outer plexiform layer of the 

retina overlying CNV as soon as 1 week after CNV induction, versus control retina sections 

without CNV with intact photoreceptor synaptic function (of note, the inner plexiform layer 

synaptic function overlying CNV remained intact). These observations were consistent with 

ERG findings and preceded the histologic evidence of synaptic disruption overlying CNV, 

described below.

We also observed histologic evidence of disrupted photoreceptor synapses in the outer 

plexiform layer of the retina overlying CNV, with preserved synaptic marker staining at 

the inner plexiform layer (Fig. 26) (Caicedo et al., 2005a). Synaptic disruption at the outer 

plexiform layer in retina overlying CNV was evident as disorganized, irregular staining of 

the photoreceptor presynaptic protein SV2 (Fig. 26B) and the vesicular glutamate transporter 

1 (vGluT1) (Fig. 26D), which were no longer restricted to the outer plexiform layer and 

was instead mislocalized to the outer nuclear layer, as compared to control and adjacent 

retina sections without CNV, where staining of these synaptic markers was tightly organized 

within the outer plexiform layer (Fig. 26A and C). This pattern of synaptic marker disruption 

overlying CNV was very consistent and was markedly apparent by week 2 following CNV 

induction (Fig. 26E), with a time-dependent progression in the lateral spread of synaptic 

marker disruption at the outer plexiform layer paralleling the lateral spread of CNV growth 

(Fig. 26E–F). Importantly, synaptic changes by immunostaining were apparent while the 

overall cellular morphology of the retina remained intact, with general preservation of 

photoreceptor nuclear layer at early timepoints. Evidence of photoreceptor cell death was 

apparent at 3 weeks and later timepoints. However, this was less pronounced, as compared 

to the observed synaptic changes, and occurred well after observed synaptic dysfunction and 

disorganization and onset of physiologic vision loss. Taken together, these findings suggest 

that early dysfunction of the neurosensory retina overlying CNV results primarily from loss 

of photoreceptor synaptic function rather than from photoreceptor cell death and raise the 

intriguing possibility that intervention to reverse synaptic dysfunction could be a viable 

therapeutic strategy to improve vision in NVAMD.

3.2.2. Müller cell activation occurs in retina overlying CNV in association 
with synaptic disruption—Müller cells span the entire depth of the retina and provide 

important support and homeostatic functions within the retina, including extending lateral 

processes into the inner and outer plexiform layers to support photoreceptor synaptic 

function and recycle glutamate, via the glutamate transporter GLAST. In the setting of 

cellular injury, Müller cells become “activated,” with upregulation of specific response 

to injury signaling pathways and cellular processes. We sought to identify evidence of 

Müller cell dysfunction and activation during CNV formation and growth, assessing specific 

cellular response to injury markers (Caicedo et al., 2005a). In addition to observing a 
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marked redistribution of GLAST away from the outer plexiform layer by 2 weeks, we 

also found increased immunostaining for fos-related antigens and c-fos and upregulation of 

phosphorylated extracellular signal-regulated kinase (pERK) staining (Fig. 27), all as early 

as 3 days after CNV and peaking at 1 week. Notably, these signs of Müller cell activation 

generally preceded histologic signs of synaptic disruption (Fig. 27A–F). Furthermore, while 

the staining for these Müller cell activation markers overlying central aspects of CNV 

gradually declined over time, retinal regions overlying the leading edge of the CNV lesions 

continued to display strong immunoreactivities for all three Müller cell activation markers 

even at later time points (Fig. 27G–H), indicating a strong correlation between Müller cell 

activation and CNV activity and growth. The early onset of Müller cell activation and the 

colocalization of Müller cell activation with the leading edge of CNV lesion growth suggest 

that Müller cell activation may be a key mediator of the observed synaptic dysfunction 

overlying experimental CNV.

3.2.3. Blood-derived macrophages infiltrate retina overlying CNV—We also 

observed a substantial infiltration of F4/80+ mononuclear phagocytes in the retina overlying 

CNV (Caicedo et al., 2005a). This was apparent as early as 3 days following CNV induction 

and increased over time, with progressive infiltration within the retina spreading laterally 

along with the leading edge of CNV growth (regions away from the CNV lesion had 

no or minimal macrophage infiltration). In contrast, in control eyes with photocoagulated 

retina without CNV, there was a slight increase in F4/80+ cells at 1 week at the site of 

laser application, but these did not spread laterally and were no longer present at later 

time points, indicating that macrophage infiltration within the neurosensory retina was 

specifically associated with CNV growth and not with retinal injury.

Since F4/80 labels both macrophages and microglia, we analyzed GFP bone marrow 

chimeras (i.e., transplantation of GFP + donor bone marrow to lethally irradiated wild-type 

recipient mice) in the laser-induced CNV model (Caicedo et al., 2005b) and found that 

the majority of F4/80+ cells in the retina overlying CNV also label positive for GFP 

(approximately 55% by 7 days and 70% by 14 days), affirming the presence of infiltrating 

blood-derived macrophages, and confirming that the frequency of GFP + cells in the retina 

overlying CNV increased with progressive increase in lateral CNV length (Fig. 28A–E).

Retinal blood vessels overlying CNV demonstrated increased immunostaining for 

endothelial cell adhesion molecules VCAM1, ICAM1, and PECAM (Fig. 29A–J). In the 

GFP + bone marrow chimera studies, GFP + F4/80+ macrophages were observed in close 

association to these immunoreactive vessels (Fig. 29C–D, G–J), indicating that infiltrating 

macrophages are being actively recruited from the bloodstream via the retinal circulation 

overlying CNV (Caicedo et al., 2005b). Most F4/80+ macrophages were observed to 

co-localize with activated pERK immunoreactive Müller cells, in particular with Müller 

cells processes in the outer plexiform layer (Fig. 30A–C). To assess whether infiltrating 

macrophages may be promoting Müller cell activation, we performed monocyte depletion 

studies by systemic clodronate administration (after CNV induction and growth) (Fig. 31), 

which diminished the density of macrophage infiltration in the overlying retina and reduced 

the density of activated pERK + Müller cells in the retina overlying CNV (Fig. 31B).
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Collectively, these findings suggest that physiologic retinal vision loss in experimental CNV, 

and possibly NVAMD, may be mediated by the recruitment of blood-derived macrophages 

from the retinal vasculature into the neurosensory retina overlying CNV, which promote 

photoreceptor synaptic dysfunction (at least in part) via Müller cell activation. Importantly, 

these findings do not exclude the possibility that microglia also play a role in this setting. 

Work is underway using the (Cx3cr1CreER) reporter system (O’Koren et a. 2016)) in the 

laser CNV model to better characterize differential responses of microglia and blood-derived 

macrophages and their potential relative contributions to photoreceptor synaptic dysfunction 

in this setting.

3.3. Potential mechanisms for Müller cell activation, synaptic dysfunction, and SVR in 
NVAMD

As noted, SVR has not been a well-recognized entity or well-defined clinical problem in 

NVAMD, so it is not surprising that specific cellular and molecular mechanisms have not 

been explored. Our findings in the murine laser-induced CNV model clearly demonstrate 

key roles for blood-derived infiltrating macrophages in initiating, and Müller cells in 

mediating the pathogenesis of synaptic dysfunction in SVR. While these findings do not 

exclude the possibility of other triggers that may promote synaptic dysfunction, they do 

provide a vital starting point to begin to elaborate specific disease mechanisms. We will 

consider hypotheses for potential mechanisms, including several that our laboratory group is 

currently investigating.

The co-localization of macrophages with Müller cells and the finding that Müller cell 

activation generally preceded widespread histologic evidence of synaptic disorganization 

suggests that the Müller cell is the initial cellular target in SVR. One possibility is that 

macrophage-derived cytokines (e.g., IGF-1, TGF-β, FGF, TNF-α, IL-1β) bind to receptors 

on the Müller cell surface, activating downstream immediate early response signaling 

pathways such as ERK1/2 and p38 mitogen-activated protein kinase (MAPK), which 

translocate to the nucleus to initiate gene transcription and activate cellular response to 

injury pathways (Sabio and Davis, 2014). By this mechanism, photoreceptors cells may 

be indirect targets of these infiltrating macrophages, since they do not express receptors 

for most cytokines. Müller cell activation may also potentiate the effector function of 

macrophages, producing a positive feedback loop for macrophage-driven Müller cell 

activation; ligation of CD40 on Müller cells has been shown to upregulate expression of 

TNF-α and IL-1β via P2X7 activation in macrophages (Portillo et al., 2017). A second 

possibility is that infiltrating macrophages release reactive oxygen species (ROS), such as 

hypochlorous acid, via myeloperoxidase expression (Marikovsky et al., 2003), which can 

directly injure Müller cells, photoreceptors, and neurons. A third possibility is synaptic 

dysfunction that is directly mediated by macrophages, wherein macrophages themselves 

release excessive glutamate resulting in neuronal excitotoxicity (Yawata et al., 2008). 

Importantly, these potential mechanisms of macrophage-mediated disease are not mutually 

exclusive. For instance, loss of Müller cell glutamate reuptake due to injury could act in 

concert with macrophage glutamate release to mediate neuronal excitotoxicity. Additionally, 

other macrophage-independent or macrophage-indirect mechanisms might also contribute to 

Müller cell activation and dysfunction. For example, in our studies of experimental CNV, we 
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found that ERK1/2 activation in Müller cells was diminished but not abolished following 

macrophage depletion, suggesting that soluble mediators directly released from CNV, 

injured RPE, or activated microglia could also contribute to Müller cell activation (Caicedo 

et al., 2005b). Exudative disease, particular subretinal and/or intraretinal hemorrhage is 

likely another cause of Müller cell activation, and it is also possible that soluble mediators 

produced by other injured neuronal cells or Müller cells could function in a paracrine 

fashion to propagate Müller cell activation (Bringmann et al., 2009).

3.4. Cellular dysfunction in the setting of Müller cell activation and potential mechanistic 
hypotheses for SVR

Aberrant interaction between macrophages and Müller cells, along with these other triggers 

of activation, or cellular response to injury, can promote dysregulation or dysfunction of 

a number of cellular processes that are vital to Müller cell support of retinal neuronal 

cells: 1) cytoskeletal regulation and maintenance of cellular contacts; 2) glutamate and 

neurotransmitter uptake and metabolism; 3) transmembrane ion gradient regulation; 4) 

regulation of water transport; 5) production of neurotrophic factors (e.g., BDNF), which 

are necessary for normal health and function of neuronal cells including photoreceptors; 

6) oxidant metabolism; and 7) mitochondrial function. As of yet, we have not definitively 

established which processes and mechanisms are dysregulated or dysfunctional in the laser 

CNV model or in other mouse models relevant to AMD but are presently working on 

exploring several lines of investigation. In the following sections, we will explore current 

knowledge from the literature and our ongoing work in experimental retinal vascular 

disease to discuss how each of these cellular processes are potentially relevant to synaptic 

dysfunction and SVR and will consider potential molecular mechanisms relevant for each 

(see Fig. 32 for illustrations of potential cellular mechanisms).

3.4.1. Actin cytoskeletal dysregulation and loss of cellular contacts—The 

Müller cell has a precisely organized cellular architecture that enables cellular subdomain 

specific functions mediated at specific contacts with cells distributed along the full depth of 

the retina. These include Müller cell footplates at the internal limiting membrane, contacts 

with retinal capillaries at the neurovascular bundle, lateral processes arborizing within the 

outer and inner plexiform layers, and cellular contacts with cone photoreceptors (in support 

of the cone visual cycle) (Reichenbach et al., 2007; Wang and Kefalov, 2011; Derouiche 

et al., 2012). Maintenance of these cellular subdomains is required for retinal water 

transport, homeostasis of the extracellular milieu, neurovascular coupling, and neuronal 

synaptic support. This precise architecture and organization of Müller cell membrane 

processes is enabled by tightly regulated cytoskeletal elements including both actin and 

intermediate filaments and by mediators of both cell-cell contacts and cell-extracellular 

matrix adhesion (Derouiche et al., 2012). One well characterized regulator of cytoskeleton 

turnover is heat shock protein 25/27 (Hsp25/27) (Schneider et al., 1998; Haslbeck, 2002; 

Concannon et al., 2003). This molecule belongs to the family of small heat shock proteins 

(which includes α-β crystallins) and serves a dual role as cytoskeleton stabilizer and 

chaperone protein. Phosphorylation of Hsp25/27 is mediated by p38 MAPK signaling 

cascade, wherein p38 MAPK phosphorylates MAPKAP2 kinase (MK2), which in turn 

phosphorylates Hsp25/27. Phosphorylated Hsp25/27 acts as a F-actin cap-binding protein, 
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binding to the active edge of a growing microfilament, causing a deficit in cytoskeleton 

reassembly and repair. Thus, p38 MAPK - Hsp25/27 activation may mediate increased actin 

cytoskeleton turnover and subsequent loss of Müller cell cytoskeletal architecture, and loss 

of the tightly regulated morphology. Additionally, this injury response can mediate loss of 

cellular contacts, through downregulation of those cell adhesive interactions (with other cells 

and the extracellular matrix) that are dependent on the actin cytoskeleton. Loss of normal 

cytoskeletal architecture and adhesive interactions could lead to Müller cell dysmorphology, 

particularly in intricate structures such as the lateral processes and contacts with retinal 

capillaries. Together, these alterations could lead to retraction of lateral processes and 

disruption of synaptic support as well as dysfunctional water transport and neurovascular 

coupling. Indeed, we have observed Müller cell morphological changes in experimental 

CNV (Caicedo et al., 2005a), and we have extensively characterized alterations in cellular 

subdomains in a different model of retinal vascular disease, experimental laser-induced 

retinal vein occlusion (RVO), where we observed loss of perisynaptic contacts and retraction 

of lateral processes as well as cellular swelling and dysmorphology (Allingham et al., 2018).

3.4.2. Glutamate and neurotransmitter uptake and metabolism—A major 

support function of Müller cells is re-uptake and recycling of glutamate from synaptic 

terminals. Interruption of normal glutamate re-uptake can compromise efficiency of synaptic 

function and, if prolonged, can lead to neuronal toxicity, with persistent over-activation 

leading to excessive ion influx, osmotic swelling, and free radical degeneration (Izumi et al. 

1999, 2002). This can perpetuate a vicious cycle of Müller cell activation, as overactivity 

of glutamate receptors on Müller cells also activates p38 MAPK, ERK1/2, and other injury 

response pathways (Ji et al., 2012; Gao et al., 2017). Retraction of lateral processes and/or 

downregulation of proteins required for Müller cell glutamate uptake and recycling may 

exacerbate photoreceptor-bipolar synaptic dysfunction, eventually leading to degeneration. 

Cellular activation also promotes dysfunctional glutamate re-uptake by downregulation of 

glutamate transporters and subsequent downregulation of glutamine synthetase (Chen and 

Weber, 2002), an enzyme essential for glutamate recycling. All of these changes have the 

potential to impair synaptic function due to excess glutamate in the extracellular space and 

due to disrupted recycling of glutamate back to presynaptic terminals (Bringmann et al., 

2009; Bringmann and Wiedemann, 2012). While it has been previously demonstrated that 

pharmacologic blockade of Müller cell glutamine synthetase results in glutamate depletion 

in bipolar and retinal ganglion cells (Pow and Robinson, 1994), the fact that photoreceptor 

presynaptic terminals are capable of glutamate reuptake may render them relatively less 

sensitive to loss of Müller cell support for glutamate metabolism. However, Müller cells are 

required for efficient termination of synaptic transmission within the photoreceptor-bipolar 

cell synapse (Matsui et al., 1999). Additional studies will be required to further clarify the 

role for disrupted glutamate metabolism on specific retinal cell types in neovascular AMD.

3.4.3. Regulation of retinal ion gradients and water transport—Müller cell 

Kir4.1 channels maintain extracellular potassium concentrations, contribute to regulation of 

extracellular glutamate via maintenance of potassium gradients, and contribute to regulation 

of water transport and Müller cell volume (Reichenbach et al., 2007; Bringmann et al., 

2013). Activation of p38 MAPK in Müller cells downregulates Kir 4.1 potassium channels, 
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which can lead to accumulation of extracellular potassium, enhanced undershoot recovery 

of neuronal stimulation, and reduction in glutamate transport into the Müller cell (Kofuji 

et al., 2000; Gao et al., 2017). AQP4 is found at the terminal endfeet of Müller cells, 

especially at the internal limiting membrane and at the junction with retinal capillaries at 

the neurovascular unit, to facilitate transport and removal of excess water into the vitreous 

or the retinal circulation, respectively. In these locations, Kir4.1 and AQP4 are co-localized, 

as water transport is linked to localized potassium flux out of the cell (Newman, 1984; 

Nagelhus et al., 1999). AQP4 is also located in perisynaptic membranes within the inner and 

outer plexiform layers where they function independent of Kir4.1 (Nagelhus et al., 1998). In 

the setting of Müller cell activation, effective colocalization of Kir4.1 and AQP4 at endfeet 

is lost due to downregulation of Kir4.1 expression and more diffuse distribution of AQP4 

within Müller cells, which prevents normal potassium and water transport and can lead to 

Müller cell swelling and loss of normal synaptic support. We and others have observed these 

changes in experimental retinal vein occlusion (RVO) (Rehak et al., 2009; Allingham et al., 

2018), which, while pathologically distinct, manifests macular edema and cystic intraretinal 

fluid similar to that seen in NVAMD. Furthermore, glutamate receptor over-activation and 

subsequent excessive ion influx and free radical generation has been shown to exacerbate the 

dysregulation of potassium and water transport (Schwartz, 1993; Ji et al., 2012).

3.4.4. Production of neurotrophic factors—As part of their support functions, 

Müller cells produce neurotrophic factors, such as BDNF and CNTF (Harada et al. 

2000, 2002), which are vital for maintenance of neuronal function. Specifically, such 

neurotrophic factors may serve important roles for maintaining synaptic function, through 

regulation of neurotransmitter receptor activity (e.g. NMDA receptor, AMPA receptor) on 

post-synaptic bipolar cells and through regulation of receptor expression and localization 

and neurotransmitter metabolism. There is also evidence to support a role for synaptogenesis 

and synaptic remodeling following injury (Koh et al., 2018). Müller cell activation 

downregulates production of neurotrophic factors, which can have deleterious effects on 

synaptic function (Harada et al., 2002).

3.4.5. Support of retinal visual cycle for cone photoreceptors—Recent work 

has characterized a cone-specific visual cycle, wherein Müller cells in contact with cone 

photoreceptors convert all trans-retinal back to 11-cis-retinol for cone cells, where it is 

oxidized to the 11-cis-retinal chromophore necessary for pigment regeneration (Collery et 

al., 2008; Wang and Kefalov, 2011; Xue et al., 2015). This cone visual cycle enables both 

rapid dark adaptation as well as continuous function under bright and rapidly-changing light 

conditions. As this is an area of more recent focus among retinal biologists, much remains 

unknown about this visual cycle in both health and disease. We speculate that disruption 

of the contacts between Müller cells and cone photoreceptors, increase in production of 

reactive oxidant species, or compromise in bioenergetics necessary for maintenance of 

efficient visual cycle support, all of which may occur in the setting of Müller cell activation, 

could contribute to diminished efficiency of the cone-specific visual cycle, and leading to 

SVR. While ERG in our studies did not show significantly compromised a-wave (Caicedo 

et al., 2005a), this result may not inform potential dysfunction of Müller cell visual cycle in 
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NVAMD, since much is not understood about cone function in rod-dominant species such as 

mice.

3.4.6. Oxidant metabolism and mitochondrial dysfunction—Müller cells produce 

glutathione, which can reduce and neutralize reactive oxygen species in the extracellular 

space, limiting oxidant injury to other retinal cells. Glutathione synthetase is downregulated 

in the setting of Müller cell activation, reducing antioxidant capacity of the Müller cell 

(Bringmann et al., 2006). In fact, alterations in potassium current and glutamate recycling 

promotes generation of reactive oxidant species, as noted above. This can result in 

induction of mitochondrial dysfunction, which can manifest as electron leak from the 

electron transport chain and generation of additional oxidant species, as compromise 

of niche bioenergetics needs by reduction in ATP synthesis, and dysregulation of 

calcium homeostasis. Müller cell active transport of ions and glutamate are dependent 

on a high transmembrane potential mediated by Na/K ATPase, and maintenance of 

complex cytoskeletal structures such as those seen in Müller cells is highly energy 

intensive (Nicholls and Attwell, 1990; Newman, 1993). Thus, mitochondrial dysfunction 

can promote a persistent state of cellular injury, wherein oxidants contribute to actin 

cytoskeletal dysregulation, as well as dysregulated glutamate recycling and ion gradient/

water homeostasis (Toft-Kehler et al., 2017). Within Müller cells, mitochondria are 

localized to lateral processes; there is significant debate about the relative importance of 

mitochondria-derived ATP (versus ATP derived from glycolysis) in synaptic support and the 

role of mitochondrial dysfunction is uncertain (Vos et al., 2010; Macaskill et al., 2009). It 

is possible that these mitochondria may provide niche ATP sources to metabolic enzymes 

required for reuptake and recycling of glutamate and other neurotransmitters (Derouiche 

et al., 2015). Another possibility is that these mitochondria in lateral processes enhance 

calcium buffering and optimize normal ion flux (Zenisek and Matthews, 2000; Wan et al., 

2010; Macaskill et al., 2009). Mitochondria are also localized within the photoreceptor 

synapse and the presynaptic and postsynaptic terminals of other retinal neurons, though 

there is also considerable debate about the role of mitochondria in the bioenergetics 

necessary for packaging and transport of synaptic vesicles and neurotransmitter reuptake and 

recycling at the presynaptic terminals (Vos et al., 2010; Macaskill et al., 2009). In this setting 

as well, mitochondria also maintain calcium ion homeostasis that is essential for synaptic 

function (Zenisek and Matthews, 2000; Wan et al., 2010; Macaskill et al., 2009). Thus, 

mitochondrial dysfunction at the lateral processes and at photoreceptor synaptic terminals 

may contribute to aberrant photoreceptor-bipolar synaptic transmission and consequently 

physiologic vision loss.

3.4.7. Integrating mechanisms for Müller cell activation and SVR—Müller 

cell activation by infiltrating macrophages can trigger a host of potential molecular and 

subcellular response to injury pathways that directly compromise normal Müller cell 

function and indirectly produce photoreceptor-bipolar synaptic dysfunction, leading to onset 

of SVR. We have highlighted several that are plausible and likely to contribute to SVR 

based on available evidence and current understanding of Müller cell biology, though 

this list is certainly not exhaustive and there are likely to be other mechanisms that also 

contribute. Importantly, each of these is not a standalone mechanism; as we have elucidated, 
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they are likely to be interdependent and simultaneously activated, since they are part 

of a broad cellular response to injury and since one mechanism can potentiate one or 

more other mechanisms. As mentioned, we also do not discount the possibility that other 

non-macrophage stimuli also mediate these responses to injury mechanisms (Bringmann 

et al., 2006; Bringmann and Wiedemann, 2012), though we embrace the hypothesis that 

blood-derived macrophages are the primary mediators of SVR in the setting of NVAMD. 

Future work from our laboratory and other investigators will need to elucidate and affirm 

the specific and relative contributions of these mechanisms to synaptic dysfunction and 

physiologic vision loss in experimental models of NVAMD and other retinal diseases.

3.5. Treatment strategies for SVR in NVAMD

There are no available treatments to improve vision independent of leakage control for 

patients with SVR, and given our limited understanding of SVR pathobiology, to our 

knowledge, there are presently no significant development efforts of novel drugs for reversal 

of photoreceptor synaptic dysfunction in NVAMD. Given the demonstrated role of retina-

infiltrating macrophages in experimental CNV, we hypothesize that macrophage-directed 

therapies may also have a role for SVR. Steroids have not been effective for improvement 

of vision in NVAMD patients, suggesting that this type of anti-inflammatory will not be 

effective in the setting of SVR, and this is consistent with the observation that steroids have 

minimal effect on the function of reparative macrophages (Schaer et al., 2002). In addition 

to evaluating role of macrophage CaMKK2 in NVR, we are also investigating macrophage 

CaMKK2 as a potential target to reduce physiologic vision loss in experimental CNV. 

Theoretically, targeting mechanisms that downregulate vascular endothelial cell adhesion 

molecules could reduce macrophage infiltration into the retina. However, since multiple 

vascular adhesion molecules are upregulated in the setting of disease, it is likely that there is 

redundancy of function of these molecules such that targeting just one of them is insufficient 

to prevent macrophage infiltration into the retina from the circulation.

Small molecule inhibitors of immediate early response pathways, such as ERK1/2, p38 

MAPK, and c-fos, could theoretically downregulate Müller cell activation and cellular 

response to injury pathways (Lambert et al., 2020), limiting the roles of actin cytoskeleton 

dysregulation, aberrant ion gradient and water transport, mitochondrial dysfunction, and 

others, in promoting synaptic dysfunction.

Finally, emerging clinical data points toward a potential role for mitoreparative drugs for 

the treatment of SVR. Our group conducted a single-site, Phase 1, open-label clinical trial 

to assess the safety and efficacy of subcutaneous elamipretide (Stealth BioTherapeutics), 

a mitochondria-targeted peptide that reverses mitochondrial dysfunction (Wood et al., 

2020), in patients with either intermediate dry AMD (high-risk drusen) or dry AMD with 

noncentral GA (Allingham et al., 2019; Cousins et al., 2019). While one eye with dry 

AMD was designated as the study eye, the fellow, non-study eye was not restricted in 

terms of disease state, and the study had a subset of patients (n = 13) with NVAMD in 

the fellow eye with stable acuity and quiescent disease, maintained on stable anti-VEGF 

regimen. Among these patients, mean visual acuity gain from baseline at 24 weeks was 

approximately +6.3 letters in the fellow eye with NVAMD, in spite of the diverse and 
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heterogeneous states of NVAMD disease (Mettu et al., 2019). The percentage of fellow eyes 

with NVAMD that gained 6 or more letters in best-corrected visual acuity (BCVA) was 

54%, while the percentage of fellows eyes that gained 10 or more letters in BCVA was 

31%. (Mettu et al., 2019). The observed effects were attributable to reversing SVR since 

exudative disease activity was quiescent while on study drug. From these findings, we can 

infer that mitochondrial dysfunction may contribute to SVR, and these data provide proof-

of-concept that mitoreparative drugs may offer promise to treat SVR. This is particularly 

intriguing since it represents a novel mechanism of action that is independent of new vessel 

pathobiology. Since vision treatment response is not reflected by morphologic changes 

by OCT, development of such a therapy for SVR would require a unique companion 

diagnostic, perhaps a novel form of physiologic testing, such as direct focal ERG testing of 

the neurosensory retina localized to the site of MNV to capture and quantify discrete regions 

of photoreceptor synaptic dysfunction. In terms of knowledge-building studies, additional 

investigation is necessary to better understand the cells (Müller cell, photoreceptor synapse, 

bipolar cell, etc.) where mitochondrial dysfunction may be operative within the retina as 

well as the specific mechanisms whereby mitochondrial repair drugs might improve vision 

benefit.

4. Future directions and conclusions

In this review, we have explored paradigms to understand disease mechanisms for 

incomplete response to anti-VEGF therapy and the specific clinical problems of PDA and 

SVR in NVAMD. We have demonstrated that a major cause of PDA in NVAMD patients is 

NVR, the formation of Arteriolar pattern with perivascular fibrosis; and that, from studies of 

experimental CNV, blood-derived reparative macrophages mediate the biology of NVR via 

recruitment and activation of vascular smoooth muscle cells (VSMCs) and myofibroblasts 

as the predominant perivascular mural cells early in CNV development (Espinosa-Heidmann 

et al., 2003a). We have also observed that bone marrow-derived mesenchymal precursor 

cells (MPCs) confers susceptibility to NVR in experimental CNV (Espinosa-Heidmann et 

al., 2013). Using studies of GFP bone marrow chimeric mice (i.e., transplant of GFP-labeled 

bone marrow to wild-type recipient mice following lethal irradiation), we observed that 1) 

bone marrow-derived MPCs are a major source of mural support cells in experimental CNV; 

2) aging increases the relative frequency of the MPC subtype (CD34+ SM22+) in bone 

marrow that gives rise to VSMC and myofibroblasts; 3) transplantation of bone marrow 

from old donor mice to young recipients transfers the CNV phenotype of arteriolarization 

and fibrosis with high frequency of MPC-derived VSMC and myofibroblasts in young 

recipients; and 4) transplantation of bone marrow from young donor mice to old recipients 

transfers the capillary CNV phenotype with few MPC-derived VSMC and myofibroblasts 

in old recipients. Taken together, these findings support the conceptual hypothesis that 

cross-talk between blood-derived reparative macrophages and MPCs, both recruited from 

the systemic circulation, drives the development of NVR in NVAMD.

While this work has established initial pathobiologic bases, there remain many questions 

to answer about the specific biologic mechanisms. For instance, for the development 

of arteriolar CNV, which subset (s) of monocytes mediate NVR? Are there specific 

macrophage-derived cytokines that are indispensable for NVR? What are the cellular 
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mechanisms that regulate macrophage effector biology, and are those regulatory mechanisms 

potentially drugable to modulate macrophage effector function in the setting of disease? 

What is the precise identity of MPCs that confer susceptibility to NVR and can we identify 

and quantify them in the blood of NVAMD patients to identify at-risk populations? Are 

there different sets of MPCs that give rise to pericytes or to VSMCs/myofibroblasts? Can 

we gain key learnings from the various models of NVR that we have developed, especially 

the latent CMV infection model and the PAMP stimulation model, to better understand 

how monocytes and macrophage are preprogrammed for specific effector functions? Our 

laboratory group is presently focused on elaborating the answers to many of these questions, 

as we believe that important insights into the biology of NVR may shed light on potential 

targets for therapy and can also help us affirm whether NVR is in fact a distinct and unique 

paradigm for new vessel formation, which would have implications not only for NVAMD 

and ocular diseases but other disorders of new vessel formation (e.g., cancer) elsewhere in 

the body.

For SVR, we have observed consistent lines of evidence in both postmortem NVAMD 

specimens and experimental CNV linking progressive synaptic dysfunction to the extent of 

macrophage infiltration and Müller cell activation, and in turn, to lateral growth of CNV. 

What are the mechanism(s) whereby CNV growth facilitates recruitment of macrophges 

into the neurosensory retina from the retinal circulation? Can we identify specific subset(s) 

of monocytes that give rise to SVR- mediating infiltrating macrophages? What soluble 

mediators are expressed by infiltrating macrophages to activate Müller cells and trigger 

photoreceptor synaptic dysfunction? How does the gene expression profile of macrophages 

in this setting differ from resident microglia, and does this delineate biologically distinct 

roles for these ontogenically distinct cell types? Are there specific regulatory mechanisms 

for the effector biology of infiltrating macrophages in the neurosensory retina, and are these 

mechanisms drugable? Of the various mechanisms that we have laid out for Müller cell 

activation, which ones contribute significantly to synaptic dysfunction and are the inciting 

signaling pathways, especially ERK1/2 and p38 MAPK, potentially drugable targets? What 

are the mechanisms by which Kir4.1 and AQP4 are mislocalized and can these be reversed 

or prevented? And in which cells and specifically how does mitochondrial dysfunction 

mediate synaptic dysfunction and physiologic vision loss in experimental CNV, and can 

mitoreparative drugs be viable therapies to address the problem of SVR and improve vision 

outcomes?

Nearly two decades into the anti-VEGF era, our community has collectively made 

significant strides in understanding the pathobiology of NVAMD and as a result, the future 

of novel treatments for NVAMD appears very promising. As we look beyond anti-VEGF 

to the next generation of medicines, continued investigations of mechanisms for NVR and 

for Müller cell activation and photoreceptor synaptic dysfunction, with a specific focus on 

understanding how blood-derived macrophages mediate vision loss in each, are essential, 

so that we can discover novel drugable targets, broaden the landscape and paradigms for 

NVAMD treatment, and extend the promise of improved vision outcomes to patients with 

incomplete response to anti-VEGF therapy in the years ahead.
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Fig. 1. 
Manifestations of persistent disease activity (PDA) after a period of sustained treatment 

with intravitreal anti-VEGF (vascular endothelial growth factor) medicines (i.e., after 

initial loading dose, 6 months, 1 year, etc.). (D) Demonstrates an example by optical 

coherence tomography (OCT) of worsening subretinal fluid, new focus of intraretinal 

fluid, and enlarging shallow spongiform pigment epithelial detachment (PED), post-anti-

VEGF therapy, as compared to baseline (A). (E) Demonstrates an example by fluorescein 

angiography (FA) of macular neovascularization (MNV) enlargement and growth and 

persistent leakage, post-anti-VEGF therapy, as compared to baseline (B). (F) Demonstrates 

an example by color fundus photography of persistent hemorrhage and progressive fibrosis 

extending into the fovea, post-anti-VEGF therapy, as compared to baseline (C).
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Fig. 2. 
Morphologic subtypes of NVAMD, as visualized by indocyanine green angiography 

(ICGA). (A) Arteriolar pattern (extent of neovascularization outlined by orange dashes) 

is characterized by high flow through large-caliber feeder artery (red arrow), which gives 

rise to many branching arterioles and terminal vascular anastomotic loops (yellow arrow) 

but minimal capillary components. (B) Capillary pattern is evident as a relatively slow 

filling, discrete homogenous focus of microvessels. (C) Mixed-Capillary is characterized 

by presence of feeder artery (red arrow), capillary rim (yellow arrows) and draining 

venule (green arrow), sharing features from both Arteriolar and Capillary Patterns. (D) 

Polypoidal choroidal vasculopathy (PCV) subtype of macular neovascularization (MNV) 

is comprised of aneurysmal, vascular dilatations (yellow arrows), frequently in association 

with a high-flow, variably organized branching vascular network of arterioles and draining 

venules. (E) Type 3 MNV, or retinal angiomatous proliferation (RAP), is characterized 

Mettu et al. Page 77

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by intraretinal neovascularization originating from the retinal circulation. (F) Choroidal 

leak syndrome (CLS), or pachychoroid spectrum of NVAMD, is apparent as choroidal 

neovascular remodeling (red arrows), irregular and frequently transient hot spots (yellow 

arrows), and late choroidal hyperpermeability (outlined by orange dashes), in association 

with variable sub-RPE thickening and subretinal fluid by OCT and coarse pigment mottling 

of the macula by clinical examination.
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Fig. 3. 
Example of Treatment Response in Capillary Pattern CNV. At baseline, (A) fluorescein 

angiography (FA) demonstrates a Type 2 MNV pattern and (B) indocyanine green 

angiography (ICGA) demonstrates Capillary Pattern morphology (red arrows). Post 

treatment with a single anti-VEGF, (C) FA shows clearance of the Type 2 MNV and (D) 

ICGA shows regression of the capillary microvascular structure (red arrows).
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Fig. 4. 
Example of Treatment Response in Mixed Capillary-Arteriolar CNV. At baseline, (A) 

fluorescein angiography (FA) demonstrates a Type 2 MNV pattern, (B) indocyanine green 

angiography (ICGA) demonstrates Mixed Capillary-Arteriolar CNV, with a feeder artery 

(red arrowhead) giving rise to a capillary rim, and (C) optical coherence tomography (OCT) 

demonstrates a mixed serous and fibrovascular pigment epithelial detachment (PED) and 

subretinal fluid (SRF). Post-loading dose with three anti-VEGF treatments, (D) FA shows 

resolution of leakage from the Type 2 MNV, (E) ICGA shows regression of the capillary rim 

with persistence of the feeder vascular structure (red arrowhead), and (F) OCT demonstrates 

reduction in PED and clearance of SRF.
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Fig. 5. 
Example of Treatment Response in Arteriolar Pattern CNV. At baseline, (A) clinical exam 

and (B) fluorescein angiography (FA) demonstrates evidence of serous pigment epithelial 

detachment, (C) indocyanine green angiography (ICGA) demonstrates an Arteriolar 

predominant lesion, with feeder artery (red arrowhead), arteriole (orange arrow), ill-defined 

marginal rim of vessels (yellow-dotted region, probable capillaries), and draining vein 

(green arrowhead). Post-loading dose with three anti-VEGF treatments, (D) there is large 

submacular hemorrhage in the macula by clinical exam, (E) FA demonstrates blockage of 

fluorescence from the hemorrhage but increased marginal hyperfluorescence indicative of 

MNV lesion growth, and (F) ICGA demonstrates growth of the CNV lesion, with increased 

vessel caliber of choroidal feeder artery (red arrowhead), growth of new branching arterioles 

(orange arrow),extension of arterioles with vascular loops without visible capillaries into the 

macula (yellow-dotted region), and draining venule (green arrowhead).
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Fig. 6. 
Vascular morphology in experimental CNV lesions by fluorescein angiography and lectin-

stained flatmount. Early (~1 min) and late (~4 min) FA photographs were obtained to 

characterize lesion size and leakage activity of experimental CNV. Lectin-stained vascular 

flatmounts were obtained to characterize differences in vascular morphology (magnification: 

× 100; scale bar: 100 μm). Young mice demonstrated small lesions, well-demarcated 

borders, and mild fluorescein leakage (A, B). Lectin-stained flatmount analysis of one of 

these lesions (corresponding to red box [B]) demonstrated well-defined, small-diameter 

capillary networks with minimal discernible large-caliber arterioles (C). FA from old mice 

demonstrated large, confluent CNV with very active fluorescein leakage (D, E). Lectin-

stained flatmount from one of these CNV lesions (corresponding to red box [E]) revealed 

many large branching arterioles (arrow) and vascular loops at the lesion margins (arrowhead) 

(F).
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Fig. 7. 
Masson Trichrome demonstrating extracellular matrix deposition in experimental murine 

laser-induced CNV. As compared to young mice (A), old mice (B) demonstrated thicker 

CNV lesions with more extensive extracellular matrix deposition, indicative of increased 

perivascular fibrosis.
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Fig. 8. 
Vascular morphology and cellular composition in experimental CNV lesions by confocal 

microscopy of flatmounts stained for CD31 (green) endothelial cells and smooth muscle 

actin (SMA) (red) vascular smooth muscle cells and myofibroblasts. Scale bar: 100 μm. 

Young mice demonstrate CNV lesions with (A) CD31+ endothelial cells within a well-

demarcated but ill-defined network of microvessels; (B) there is minimal staining with 

SMA+ within the microvascular structure, reflecting the predominance of pericytes as mural 

cells and rarity of VSMCs and associated myofibroblasts, features that are all consistent with 
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Capillary morphology. Old mice demonstrate CNV lesions (C) with an extensive network 

of CD31+ branching large-caliber vascular structures, with terminal loops at the lesion 

margin interconnecting the branching vessels. (D) Double- staining for SMA + perivascular 

mural cells reveals the presence of extensive SMA + perivascular cells, including SMA + 

VSMCs that directly invest and envelop the arteriolar vascular structures as well as SMA + 

cells within the lesion interstitium, myofibroblasts, which are responsible for deposition of 

perivascular extracellular matrix deposition (fibrosis).
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Fig. 9. 
Time course for dynamic changes in cellular composition and morphology in developing 

experimental CNV lesions, by confocal microscopy of flatmounts stained for CD31 (green) 

endothelial cells and smooth muscle actin (SMA) (red) vascular smooth muscle cells and 

myofibroblasts. Scale bar: 100 μm. At 3 days post-laser induction, (A) nascent lesions in 

young mice demonstrate an initial migrating wave of CD31+ endothelial cells at the outer 

margin of the lesion, with a weakly positive focus of SMA + cells at the site of laser injury. 

By day 7, (B) formation of CD31+ microvascular structures are evident in CNV lesions of 

young mice, with patterning of SMA + cells within the interstitium of the capillary lesion. 

By day 14, (C) formation of capillary CNV lesion is complete, with formation of a complete 

microvascular network. At 3 days post-laser induction in old mice (D), nascent lesions 

demonstrate a prominent initial “wreath” of SMA + cells encircling well beyond the margins 

of the site of laser injury, with none to minimal CD31+ endothelial cells present. By day 7, 

(E) the SMA + cells have begun to pattern into a scaffold of tunnel-like structures (dotted 

white line), and CD31+ endothelial cells have begun to grow at the center of the lesion, 

with a leading edge of growth (arrowheads) outwards into the SMA + scaffold tunnels. By 

14 days, (F) CD31+ endothelial cells have completed growth out to the full margin of the 

lesion, forming branching arterioles and anastomotic loops at the rim of the arteriolarized 

CNV lesion..
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Fig. 10. 
Macrophage CNV infiltration by confocal microscopy of flatmounts stained for Iba-1 

(green) macrophages with Hoechst nuclear staining. Scale bar: 100 μm. As compared to 

CNV lesions of young mice (A) and (B), old mice, (C) and (D) demonstrate more extensive 

macrophage infiltration within CNV lesions.
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Fig. 11. 
Effects of systemic monocyte depletion on experimental CNV in old mice, by flatmounts 

(FITC-dextran for vascularity, and propidium iodide for cellularity) of experimental CNV 

lesions in aged mice treated with either PBS liposomes (PBS lip) (controls) or clodronate 

liposomes (Clodronate lip) at 2 weeks post induction, D = optic disc. Scale bar: 100 μm. 

(C) and (D) Depletion of circulating monocytes by systemic administration of clodronate 

liposomes prevents the development of large arteriolar CNV lesions; clodronate-treated mice 

instead develop smaller capillary CNV lesions. (A) and (B) Control-PBS lip treated mice 

demonstrate large CNV lesions characteristic of arteriolar CNV in old mice (which, in this 

example, are confluent due to extensive lesion growth).
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Fig. 12. 
Effects of systemic monocyte depletion on experimental CNV development at day 3 

following CNV induction in old mice. Scale bar: 100 μm. Control-PBS lip treated mice 

(A–C) demonstrate the (C) expected formation of a prominent initial “wreath” of SMA 

+ cells, in association (B) with early lesional Iba-1 macrophage infiltration. Depletion of 

circulating monocytes by systemic administration of clodronate liposomes (D–F) completely 

abrogates the formation of the wreath of SMA + cells (F) at day 3, in association with a 

complete suppression of lesional macrophage infiltration (E).
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Fig. 13. 
Reparative macrophage infiltration in postmortem CNV specimens from patients with 

NVAMD. Dashed white lines delimit CNV, yellow stars indicate RPE (which is 

autofluorescent in (B)). Scale bar: 100 μm. Capillary CNV (A) have minimal SMA+ (green) 

staining and minimal CD163+ (red) reparative macrophage infiltration, and CNV lesion 

remains entirely in sub-RPE space within Bruch’s membrane. In contrast, arteriolar CNV 

is substantially thicker, extends into subretinal space, with presence of large-caliber SMA+ 

(green) vessel (arrows on either side, seen in cross-section), and extensive CD163+ (red) 

macrophage infiltration within the CNV lesion.
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Fig. 14. 
Mice with latent MCMV infection develop more severe arteriolar CNV. Groups of adult 

7–8 month old C57BL/6 mice were inoculated intraperitoneally with either MCMV or UV-

inactivated virus. At 6 days, 6 weeks, or 12 weeks after inoculation, all mice were subjected 

to laser treatment to induce CNV, and, four weeks later, flatmount preparations of the 

posterior pole of mouse eyes were stained with propidium iodide. Flatmount preparations 

of representative individual mouse eyes showing areas of CNV (white outlines). (D = 

Optic Disc) (Magnification = 50 ×) (Scale bar = 100 μm)) (A) Mouse inoculated with 

UV-inactivated MCMV (control) for 12 weeks prior to laser treatment. (B) Mouse infected 

with MCMV for 6 days prior to laser treatment. (C) Mouse infected with MCMV for 6 

weeks prior to laser treatment. (D) Mouse infected with MCMV for 12 weeks prior to laser 

treatment.
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Fig. 15. 
Mice exposed to low level of lipopolysaccharide (LPS, 10 μg) by intraperitoneal injection 

prior to laser induction develop more severe arteriolar CNV. LPS-stimulated mice (7–9 

month old) demonstrate (A) prominent leakage by fluorescein angiogram (FA), (B) large-

caliber arterioles (arrows) with vascular loops (arrowheads) by TRITC-lectin flatmount, 

and (C) increased density of SMA + arterioles by cross-sectional immunofluorescence. In 

contrast, PBS control-exposed mice have (D) small lesions with mild leakage by FA, (E) 

capillary morphology by flatmount; and (F) few SMA + vessels. Larger size was confirmed 

by (G) quantitative analysis of flatmounts (**p < 0.05).
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Fig. 16. 
Development of Arteriolar CNV in LPS-stimulated mice is associated with increased 

frequency of nonclassical monocytes. The composition of blood monocyte populations was 

assessed at day 3 following laser induction, the time period when neovascular remodeling 

biology is believed to occur. Whereas PBS-exposed mice with capillary lesions had an 

average ratio of 11% nonclassical Ly6Clo to 89% classical Ly6Chi blood monocytes, 

LPS-exposed mice had a ratio of 36% nonclassical Ly6Clo to 64% classical Ly6Chi 

blood monocytes (p < 0.01). Further, LPS exposure produced a major change in absolute 

number of Ly6Clo blood monocytes: LPS-exposed mice - 4978 cells/μL of blood versus 

PBS-exposed mice - 727 cells/μL (p < 0.01).
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Fig. 17. 
Bone marrow transplant confers susceptibility to neovascular remodeling in experimental 

CNV. Small capillary lesions developed in young unmanipulated mice (A) and also 

when young BM was transplanted into either young ([B], Y-to-Y) or old mice ([C], 

Y-to-O). In contrast, old unmanipulated mice (D) and the old-to-old group (E) developed 

large neovascular lesions that grew to confluence due to extensive growth between 

adjacent lesions. Additionally, young recipients receiving old BM ([F], O-to-Y) developed 

intermediate-size lesions, frequently with confluent growth. (G) Quantitative analysis of 

the surface area of CNV lesions in each group. Significant differences were observed 

(asterisks) when old BM was transplanted in both young and old recipients in comparison 

with transplantation of young BM (t-test: P < 0.001). D, optic disc. White line encircles 

CNV lesions. Magnification: × 50; scale bar: 200 μm.
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Fig. 18. 
Immunofluorescence detection of resident or recruited BM-derived SMA-expressing 

perivascular mesenchymal cells in CNV lesions after bone marrow transplant (BMT). 

Young mice received young (A) or old (B) GFP BM, followed by laser-induced CNV. 

Although both groups demonstrated resident SMA-expressing cells (red, arrowheads) 

and GFP-labeled BM-derived cells, many more double-positive cells (yellow, arrows), 

representing BM-derived SMA/GFP-expressing cells, were observed in cross sections from 

mice receiving old marrow. Quantification of the frequency of total, resident, and BM-

derived CD31 endothelial cells ([C], top) showed no difference in resident or BM-derived 

CD31-expressing endothelial cells between mice receiving young or old marrow. In contrast, 

significant differences (asterisks) were observed in the frequency of both resident and 

BM-derived SMA-expressing cells in CNV of mice receiving marrow from young versus 

old donors ([C], bottom). In particular, mice receiving old marrow had a 2.5-fold increase 

in marrow-derived SMA-expressing perivascular mesenchymal cells, contributing to nearly 

half of all SMA-expressing cells in the CNV. SMA, red; GFP, green; colocalization of GFP 

and SMA, yellow; DAPI, blue. Magnification: × 400; scale bars: 20 μm.

Mettu et al. Page 95

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 19. 
Analysis of CNV lesions in young animals receiving adoptive transfer of CD34+-GFP-

labeled cells. CD34+ precursor cells obtained from young or old donors were adoptively 

transferred to young recipient mice at the time of laser-induced CNV (without prior 

irradiation or BMT). (A) Mice receiving adoptive transfer of CD34+ cells isolated from 

a young donor display typical small CNVs. (B) In contrast, animals receiving adoptive 

transfer of CD34+ cells from old donors developed arteriolar CNVs, larger in size. D, 

optic disc; white lines encircle CNV lesions. Magnification: × 50; scale bar: 200 μm. 

(C) Quantitative analysis of surface area showed a significant size increase (asterisk) in 

animals engrafted with CD34+ cells from old donors as compared with young donors. (D) 

Immunohistochemistry of mouse eye cross sections with CNV lesion showed recruitment 

and engraftment of adoptively transferred GFP + cells (arrows) within 3 days after CNV 

induction. GFP, green; DAPI, blue. Magnification: × 400; scale bar: 20 μm. (E) Quantitative 

analysis of cellular density after adoptive transfer of young or old CD34+ cells versus young 

or old macrophages (F4/80). Mice receiving old CD34+ cells developed CNV lesions that 

are approximately double in size (asterisk) when compared to those in the other groups. 

Adoptive transfer of young or old F4/80+ splenic macrophages failed to induce any increase 

in severity, similarly to adoptive transfer of CD34+ cells from old marrow transferred 7 days 

after CNV induction.
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Fig. 20. 
Integrated hypothesis for neovascular remodeling. (A) Circulating monocytes infiltrate the 

site of incipient choroidal neovascularization (CNV) at Bruch’s membrane/sub-RPE space, 

where they transform into macrophages. (B) Activated macrophages secrete fibrogenic 

factors that recruit and activate bone-marrow derived mesenchymal precursor cells from 

the circulation via the choroid. (C) MPCs differentiate into vascular smooth muscle cells and 

myofibroblasts, which establish the template for the phenotype of neovessel growth early in 

CNV development by forming a perivascular mesenchymal scaffold, into which endothelial 

cells grow to form arterioles, venules, and terminal vascular loops. (D) Growth is complete 

as an Arteriolar CNV.
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Fig. 21. 
Matrigel chamber assay for neovascularization. Hollow silicone chamber affixed to a 

coverslip is filled with an extracellular matrix substrate, growth-factor depleted Matrigel. 

The Matrigel chamber was then implanted into the subcutaneous perineum, with the 

Matrigel substrate in direct contact with mechanically injured peritoneal tissue. The skin 

was then secured over the implant. At 14 days, the Matrigel implant was exposed and the 

protective coverslip was removed, to allow imaging of vessel growth by in vivo angiography. 

Implants were then harvested for histology and immunofluorescence (SMA labeling VSMC 

and myofibroblasts; MCAM labeling endothelial cells; F4/80 labeling macrophages; NG2 

labeling pericytes). Scale bar: 100 μm Old mice demonstrated (D) high-flow, arteriolarized 

vessels (red arrows), with (E) significantly higher frequency of large-caliber SMA + 

-vessels, (F) increased macrophage infiltration, with and increased vascular invasiveness 

into the implant, as compared to young mice (A–C), stars in C indicating leading edge of 

vessel growth. **p < 0.05.
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Fig. 22. 
Case example of patient with NVAMD and persistent disease activity undergoing verteporfin 

photodynamic therapy. 79 year old white female had (A) persistent cystic intraretinal 

fluid and subretinal fluid by OCT in spite of eight monthly anti-VEGF treatments; (B) 

indocyanine green angiography (ICGA) demonstrates an Arteriolar CNV with branching 

arterioles radiating from center feeder artery (outlined with red dashes). Following PDT 

targeted to the central feeder artery, there is (C) resolution of intraretinal fluid and subretinal 

fluid by OCT as well as (D) vas-occlusion of the Arteriolar CNV.

Mettu et al. Page 99

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 23. 
Experimental CNV in CaMKK2 −/− mice exposed to low level of lipopolysaccharide (LPS, 

10 μg) by intraperitoneal injection prior to laser induction followed by preparation of 

TRITC-lectin flatmounts at 14 days post-induction. Scale bar: 100 μm, D = optic disc. (A) 

Wild-type control mice demonstrate CNV large-caliber vessels with vascular loops, whiles 

(B) CaMKK2 −/− demonstrates smaller lesions that appear to have capillary morphology. 

Quantitative analysis of flatmount surface area confirms reduced lesion size for CaMKK2 

−/− mice (**p < 0.05).

Mettu et al. Page 100

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 24. 
Histology of neurosensory retina overlying CNV in postmortem specimen from patient 

with NVAMD. Scale bar: 100 μm. (A) Normal control demonstrates normal pattern of 

synaptophysin (red) staining at the outer plexiform layer (OPL) and inner plexiform layer 

(IPL), and presence of occasional Iba-1+ (green) macrophages in the choroid but only 

minimal Iba-1+ cells in the retina (which likely label either tissue-resident perivascular 

macrophages or microglia). (B) NVAMD lesion demonstrates loss of normal synaptophysin 

staining at the OPL but generally preserved staining at the IPL, in association with extensive 

infiltration of Iba-1 macrophages not only in the CNV lesion but also in the overlying 

neurosensory retina.
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Fig. 25. 
Choroidal neovascularization-induced changes in retinal morphology and physiology. A,B: 

Vertical sections of the eye with choroidal neovascularization (CNV) at 1 week (A) and 

2 weeks (B) after laser injury to the choroid (CH). The outer plexiform layer (OPL) was 

thinner at 2 weeks after CNV (arrow in B). C: Electroretinogram (ERG) recordings showed 

that the amplitudes of the b-wave were reduced 1 week after CNV. In this particular eye, 

the amplitude of the a-wave did not change. D: The b-wave amplitudes of the ERG were 

significantly reduced after CNV (repeated measures ANOVA, F = 6.076, P < 0.01). The 
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amplitudes of the ERG recorded immediately after CNV did not differ from those of the 

control group (con). Filled circles represent mean ± SEM; open circles are data from 

individual mice. E: The outer plexiform layer did not show major histological changes 1 

week after CNV. At 2 weeks after CNV, the outer nuclear layer had significantly fewer 

cell rows than that of the adjacent control retina (paired Student’s test, P < 0.01). Further 

cell loss was present at 4 weeks after CNV. Values are presented as a fraction of control 

values obtained from the adjacent retina. Asterisks indicate statistical significance. INL, 

inner nuclear layer; IPL, inner plexiform layer; SC, sclera. Scale bar = 100 μm in A (applies 

to A,B).
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Fig. 26. 
Immunostaining patterns for photoreceptor synaptic markers in the outer plexiform (OPL) 

layer changed abruptly after CNV. A,B: The precise arrangement of SV2 immunostaining in 

the OPL (A, adjacent retina) was completely disrupted in the retina over CNV (B, 4 weeks 

after CNV). By contrast, SV2 staining in the inner plexiform layer was not affected. C,D: 

vGluT1 immunostaining (red) was similarly disrupted over CNV (D, 4 weeks after CNV). 

Counterstaining with DAPI (blue) shows that the overall morphology of the retina was not 

affected. Scale bars 20 μm in A (applies to A,B), and C (applies to C,D). E: Quantification 

SV2 immunoreactivity in OPL at different time points following CNV induction. The 

intensity of SV2 immunoreactivity in the OPL was expressed as a fraction of that of the 

OPL in control, unaffected retinal regions. SV2 immunostaining was significantly decreased 

at 2 and 4 weeks after CNV induction (one-way ANOVA, P 0.001). F: Quantification of the 

lateral spread of CNV growth (red circles), of SV2 immunostaining reduction in retinas with 

CNV (black circles), and of SV2 immunostaining reduction in photocoagulated retinas of 

controls without CNV (empty circles).
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Fig. 27. 
A–C: Timecourse of immunostaining for Müller cell activation (Fos-related antigen) and 

outer plexiform vGluT1 immunostaining; Müller cell activation preceded the development 

of vGluT1 synaptic disruption. Immunostaining for fos-related antigens (FRA) strongly 

increased after CNV, reaching peak intensities at 1 week after CNV (B). At 4 weeks after 

CNV (C), immunostaining levels were lower than at 1 week after CNV but were still higher 

than in adjacent retinal regions (A). D–F: Immunostaining for vGluT1 began to show slight 

irregularity at week 1 but did not show extensive disruption over CNV until week 4. Scale 

bar = 50 μm in C (for A-C), 20 μm in E (for D-F). (G–H) Müller cell activation was 

most prominent over the leading of CNV growth. Increased pERK immunostaining was still 

present at 4 weeks after CNV in Müller cells located over the leading edges of CNV. Müller 

cells were labeled from the inner limiting membrane at the virtual surface to the outer 

limiting membrane at the level of photoreceptor inner segments. Strongest immunostaining 

intensities could be seen in Müller cell processes in the outer plexiform layer (arrow). Scale 

bar in G (for G and H) = 50 μm.
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Fig. 28. 
Bone marrow-derived cells [green fluorescent protein (GFP)-labeled] invaded the retina 

over choroidal neovascularization (CNV). (A) At 4 weeks after inducing CNV, many GFP-

labeled cells were present in the retina over CNV but not in adjacent retinal regions. Stippled 

line = CNV borders; the center of the CNV lesion does not appear on this micrograph. (B) 

The number of GFP-labeled cells (bars) increased with time after CNV and correlated with 

CNV size (circles). # of GFP + cells = number of GFP-labeled cells per retinal sections 

containing CNV (n = 5 mice). 3d, 1w, 2w, 4w = 3 days, 1 week, 2 weeks, and 4 weeks after 

laser application, respectively. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; CH, choroid. Scale bars for A = 50 μm. (C–E) GFP-labeled cells (green in 

C) were immunoreactive for the mononuclear phagocyte marker F4/80 (red in D). In these 

representative images (4 weeks after CNV), all GFP-labeled bone marrow-derived cells 

were F4/80 immunoreactive (arrowheads, yellow in E) and had a macrophage phenotype. A 

resident microglial cell (arrow; not GFP-labeled) could also be seen. Scale bars = 50 μm (in 

C also applies to D and E).
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Fig. 29. 
Immunostaining intensities for vascular cell adhesion molecule 1 (VCAM 1), intercellular 

cell adhesion molecule 1 (ICAM 1) and platelet-endothelial cell adhesion molecule 

(PECAM) increased in retinal blood vessels over CNV. (A) At 3 days after inducing 

CNV, VCAM 1 immunostaining was strong in large blood vessels at the vitreal surface 

and small blood vessels in other retinal layers over CNV but was barely detectable in 

adjacent retinal regions. GFP-labeled cells (arrows) were seen close to immunoreactive 

blood vessels. The CNV lesion also contained GFP-labeled cells as well as VCAM 1 

immunoreactivity. (B) At 4 weeks after inducing CNV, blood vessels in the inner retina 

and outer plexiform retina (arrowheads) were still VCAM 1 immunoreactive. The increased 

VCAM 1 immunoreactivity extended laterally. VCAM 1 was also upregulated in the outer 

limiting membrane over CNV. (C) Round and amoeboid GFP-labeled cells were seen closely 

associated with VCAM 1 immunoreactive blood vessels in the innermost regions of the 

retina 3 days after CNV. (D) At 4 weeks after CNV, blood vessels were still VCAM 1 

immunoreactive. GFP-labeled cells had stellate morphology. (E) Quantification of VCAM 

1 immunostaining in retinal blood vessels after CNV. There was a sharp increase in 

the intensity of VCAM 1 immunoreactivity at 3 days after CNV (3d). Immunoreactivity 

intensities remained high thereafter (n = 5 mice per time point). C = values from control 

(adjacent) retina. Control values were similar at all time points and were pooled. a.u. 

= arbitrary units. (F) The lateral spread of increased VCAM 1 immunoreactivity (empty 

circles; n = 5 mice per time point) increased with time and paralleled CNV growth (filled 

circles; n = 5 mice per time point). Scale bars = 100 μm (in B, also applies to A), 20 μm 

(in D, also applies to C). (G and H) At 1 week after CNV (G), blood vessels at the vitreal 

surface were ICAM 1 immunoreactive. ICAM 1 immunoreactive blood vessels could also be 

seen in the outer plexiform layer (H; 4 weeks after CNV). GFP-labeled cells were closely 

associated with these blood vessels. (I and J) GFP-labeled cells colocalized with strongly 

PECAM immunoreactive blood vessels in the outer plexiform layer (I) and at the vitreal 

surface (J) in the retina over CNV. Scale bars = 20 μm (in G also applies to H, in J to I).
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Fig. 30. 
Bone marrow-derived macrophages were closely associated with activated Müller cells over 

CNV (4 weeks after laser application). GFP-labeled cells colocalized with c-fos (red in A) 

and pERK (red in B, C) immunoreactive Müller cells. Macrophage processes were seen 

intermingling with Müller cell processes in the outer plexiform layer (C). Scale bars = 20 

μm (in B also applies to C).
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Fig. 31. 
Depletion of circulating macrophages diminished macrophage infiltration and Müller 

cell activation in the retina over CNV. (A) The retina overlying CNV (2 weeks 

after laser application) of a PBS-treated (control) mouse showed extensive macrophage 

recruitment (red F4/80 immunofluorescence) and Müller cell activation (green pERK 

immunofluorescence). (B) Clodronate treatment strongly reduced macrophage recruitment 

and Müller cell activation. (C) Quantification of macrophage densities in PBS-treated (PBS) 

and clodronate-treated mice (CLO) in retinal regions over (filled bars) and adjacent to 

CNV (empty bars). Macrophage densities significantly increased in PBS treated but not 

in clodronate-treated mice (CLO; n = 8 mice per group; paired Student’s t-test; asterisk 

denotes significance at p < 0.01). Stippled line = macrophage density of control retinal 

regions. (D) The density of pERK immunoreactive Müller cells over CNV was reduced in 

clodronate-treated mice (n = 8 mice per group; Student’s t-test; p < 0.05). Scale bar = 50 μm.

Mettu et al. Page 109

Prog Retin Eye Res. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 32. 
Müller cells provide a number of critical support functions required for normal 

photoreceptor and neuronal function including glutamate reuptake and metabolism, 

potassium and water homeostasis, neurovascular coupling, support of cone visual cycle and 

release of neurotrophic factors. (A) Macrophages extravasate from the retinal vasculature 

and subsequently contact and injure Müller cells leading to dysfunction of one or more 

Müller cell functions. Potential injury mechanisms include cytokine release, glutamate 

release, reactive oxygen species production or others as yet uncharacterized. (B) These 

injury stimuli may lead to loss of normal cytoskeleton, cell adhesion, glutamate cycle, ion 

and water regulation and mitochondrial function in Müller cells which are required for 

synaptic support of photoreceptors and neurons.
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