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Patients with MPNs and retinal drusen show signs of
complement system dysregulation and a high degree
of chronic low-grade inflammation
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Summary

Background The hematopoietic stem cell disorders, myeloproliferative neoplasms (MPNs), are characterised by
chronic low-grade inflammation (CLI). Recently, we showed that patients with MPNs have an increased prevalence
of drusen and age-related macular degeneration (AMD), and drusen prevalence seemed associated with higher CLI.
Studying MPNs may reveal more about drusen pathophysiology. This study investigated CLI further by measuring
cytokine levels and complement system markers, comparing these between patients with MPNs and AMD.

Methods This cross-sectional study, between July 2018 and November 2020 conducted at Zealand University Hos-
pital (ZUH) — Roskilde, Denmark, included 29 patients with neovascular AMD (nAMD), 28 with intermediate-stage
AMD (iAMD), 62 with MPNs (35 with drusen - MPNd and 27 with healthy retinas - MPNn). With flow cytometry, we
measured complement-regulatory-proteins (Cregs). With immunoassays, we investigated cytokine levels combined
into a summary-inflammation-score (SIS).

Findings The MPNd and nAMD groups had similar SIS, significantly higher than the MPNn and iAMD groups.
Additionally, we found SIS to increase over the MPN biological continuum from early cancer stage, essential throm-
bocytaemia (ET), over polycythaemia vera (PV) to the late-stage primary myelofibrosis (PMF). MPNs showed signs
of complement dysregulation, with Cregs expression lower in PV than ET and PMF and even lower in PV patients
with drusen.

Interpretation This study suggests that MPNd have a higher CLI than MPNn and may indicate systemic CLI to play
a greater part in, and even initiate drusen formation. We suggest using MPNs as a “Human Inflammation Model”
of drusen development. The CLI in MPNs elicits drusen formation, triggering more CLI creating a vicious cycle,
increasing the risk of developing AMD.
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size and/or pigmentary abnormalities are present, the
condition is termed intermediate-stage AMD. Late-stage
AMD can be either neovascular or atrophic." The neo-
vascular form (nAMD) shows abnormal blood vessel

Introduction

Age-related macular degeneration (AMD) is a common
retinal disease causing central vision loss. The early
stages, which often progress slowly and asymptomati-

cally, are characterized by extracellular deposits (drusen)
between the retinal pigment epithelium (RPE) and
Bruch’s membrane (BM). When drusen reach a specific
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growth, with the formation of new and fragile blood ves-
sels, leaking blood and proteins into the retina, often
resulting in severe and rapid vision loss. The atrophic
form, geographic atrophy (GA), often progresses more
slowly and is characterized by areas of retinal atrophy.
The AMD pathogenesis is not entirely understood,
but AMD is a multifactorial disease involving genetic

eClinicalMedicine
2022;43: 101248
Published online 25
December 2021
https://doi.org/10.1016/j.
eclinm.2021.101248


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Liisborg@c.dk
https://doi.org/10.1016/j.eclinm.2021.101248
https://doi.org/10.1016/j.eclinm.2021.101248

Articles

Research in context

Evidence before this study

Evidence indicates a role of the immune system and
chronic inflammation in the pathogenesis of the eye
disease age-related macular degeneration (AMD). In a
previous study, we found that patients with myeloprolif-
erative neoplasms (MPNs), have a significantly higher
drusen and AMD prevalence than the general popula-
tion. MPN patients with drusen had a higher neutrophil-
to-lymphocyte ratio than in MPNs with normal retinas,
indicating an association between drusen prevalence
and a higher degree of chronic low-grade inflammation
(CLI).

Added value of this study

In this study we further investigated CLI, by measuring
cytokine levels and complement system markers and
we also investigated the presence of relevant single
nucleotide polymorphisms (SNPs) previously shown to
increase the risk of developing AMD. The results indi-
cate a higher level of CLI in patients with MPNs and dru-
sen than patients with MPNs and normal retinas, and
also an inadequate regulation of the complement sys-
tem in patients with MPNs. The SNPs investigated are
not more common in patients with MPNs and cannot
explain the higher prevalence of drusen.

Implications of all the available evidence

The study suggests that the inflammatory state present
in MPN patients leads to drusen formation. We propose
using the MPNs as a “Human Inflammation Model” on
drusen development: The CLI in MPNs elicits drusen for-
mation, triggering more CLI creating a vicious cycle
with more drusen and, as a result, an increased risk of
developing AMD. Further studying patients with MPNs
has the potential to reveal more of the pathogenesis of
AMD.

and environmental risk factors, and changes in different
immunological pathways have been implicated in the
pathogenesis.” Complement system dysregulation both
within the eye and systemically is one such example of
immunological changes that have been well-established
as a contributor to AMD pathogenesis. >4 345712
Besides constituting the first line of defence against
infections, the complement system functions as an
immunoregulatory system playing a part in adaptive
immunity. Plasma complement-proteins circulate in
the bloodstream in an inactive form and can be activated
in several ways, interact with each other, and activate
different complement pathways (the classical-, alterna-
tive-, and lectin pathway). All pathways lead to the acti-
vation of C3 convertase with C3a and C3b creation, and
activation causes different effector activities: inflamma-
tion, phagocytosis, and membrane-attack-complex

(MAC) formation. Complement regulatory proteins
(Cregs) regulate complement activation to prevent the
potentially dangerous and destructive effects of comple-
ment activation and thereby regulate inflammation.’>™®
Studies show novel functions for Cregs in regulating
the adaptive immune system and their involvement in
the pathophysiology of several chronic inflammatory
diseases.”” "™ Our group and others have shown sys-
temic Cregs dysregulation on monocytes in AMD
patients compared to healthy controls.®>° Several stud-
ies have shown elevated levels of complement compo-
nents, and associations between AMD and single
nucleotide polymorphisms (SNPs) in genes encoding
complement proteins and regulators have been docu-
mented. Further, by-products of chronic inflammatory
events, including the complement system, are thought
to play a role in drusen formation since various inflam-
matory mediators, including complement products,
have been identified in drusen.”*" >4 We have recently
shown that patients with Philadelphia-negative myelo-
proliferative neoplasms (MPNs) have a much higher
prevalence of late AMD and an accelerated accumula-
tion of drusen from an earlier age. The drusen accumu-
lation was associated with a higher neutrophil-to-
lymphocyte ratio (NLR), indicating a higher level of
chronic low-grade inflammation (CLI).>>*® The MPNs
are chronic hematopoietic stem cell disorders encom-
passing essential thrombocythaemia (ET), polycythae-
mia vera (PV), and primary myelofibrosis (PMF).*” It is
suggested that the diseases evolve in a biological contin-
uum from the early cancer stage (ET) to the late
advanced myelofibrosis stage. Rising levels of inflam-
matory cytokines and growth factors are recorded in
this continuum, accompanied by an increase in comor-
bidity burden. It has been proposed that MPNs should
be considered inflammatory diseases, and a “Human
inflammation Model” describing chronic inflammation
as both an initiator and driver of the diseases has been
developed.**3* This model makes the MPNs unique as
model diseases for elucidating mechanisms and associa-
tions between chronic inflammation and disease devel-
opment. Most lately, the MPNs have been described as
a human neuroinflammation model for the develop-
ment of Alzheimer's disease.’® Accordingly, it is intrigu-
ing to use MPNs as a “Human inflammation model” on
drusen/AMD development as well, implying CLI in
MPNs to elicit drusen formation, which “triggers” more
CLI, creating a vicious cycle.

This study aimed to study CLI and the complement
system further in the MPNs with drusen (MPNd) and
without drusen (MPNn), in MPN subtypes, and com-
pare the results with patients having AMD. These com-
parative studies could potentially tell us more about
drusen pathophysiology. We investigated if the inflam-
matory cytokine- and growth factor levels as combined
summary-inflammation-scores (SIS) and summary-
growth-factor-scores (SGS) are higher in MPNd than

www.thelancet.com Vol 43 Month January, 2022



Articles

MPNn. We also explored if complement dysregulation
is present in patients with MPNs as seen for AMD. This
was done by exploring differences between MPNd and
MPNn regarding complement activation, Cregs expres-
sion (CD35 and CDs9), and the presence of relevant
SNPs (CFH rs1061170, C3 r52230199). The anaphyla-
toxins C3a and Csa were used as candidates for the eval-
uation of complement activation.

Methods

Study design and participants

This cross-sectional study was approved by the Ethics
Committee, Region Zealand, Denmark. The study
adhered to the tenets of the Declaration of Helsinki. We
also adhered to the guidelines stated in the
“STrengthening the Reporting of OBservational studies in
Epidemiology” (STROBE)* The study includes 63
patients with MPNs, a subgroup of patients from our pre-
vious work® chosen because they did not receive immu-
nomodulating treatment, which was one of the exclusion
criteria. The participants included four patient types.
According to the Beckman Classification,” we included
patients with nAMD (n = 30) and iAMD (n = 30). Accord-
ing to the WHO2016 criteria,” we included patients with
Philadelphia-negative MPNs: one group with drusen hav-
ing early AMD or iAMD (MPNd, n = 35) and one group
having normal retinas (MPNn, n = 28). We obtained writ-
ten and oral informed consent from each participant. The
study was conducted at Zealand University Hospital
(ZUH) — Roskilde, Denmark. We consecutively included
participants from the outpatient programs at the ophthal-
mology and haematology departments between July 2018
and November 2020.

Exclusion criteria were patients with other active can-
cer, inflammatory- or autoimmune diseases, patients
receiving immunomodulating treatment (ruxolitinib,
interferon-o), CRP levels >15, and anti-VEGF therapy
injection within the last eight weeks.

Retinal imaging and clinical data

We examined all participants at the ophthalmology
department. Following pupil dilation with tropicamide
1%, we obtained a stereoscopic 45° colour fundus photo-
graph centred on the macula (model TRG-NWS, Top-
con). We used the digital fundus photographs and a
simplified version of the Wisconsin age-related macul-
opathy grading system (WARMGS)*>° to determine
AMD status. Each participant was subjected to a simple
questionnaire regarding their health status, medical
conditions, medication, and lifestyle.

Blood sampling
We sampled venous blood from antecubital veins from
each participant. We used ethylenediaminetetraacetic-
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acid-coated (EDTA) tubes for flow cytometric and SNP
analyses, lithium-heparin-coated tubes for CRP analysis
and isolation of plasma, and tubes with silica-act-clot-
activator to isolate serum. Part of the blood, plasma, and
serum was immediately stored frozen at —8o °C for
later use (immunoassays and SNP analyses).

Flow cytometry

Flow cytometric analyses were done within 4 h. The
EDTA-stabilized blood was analysed for white blood cell
count on a Sysmex KX-21INTM (Sysmex Corporation).
We prepared cells for flow cytometry by the following
protocol: The white blood cell count was used to obtain
1-0 x 10° white blood cells in the test tube. Erythrocytes
were lysed in a 1% lysis buffer (Nordic BioSite AB,
Tiby, Sweden), and the white blood cells were washed
three times with isotonic buffer (BD FACSFlow; BD
Biosciences, Franklin Lakes, NJ, USA), centrifuged for
5 min at 500 xg, and resuspended in isotonic buffer. We
added monoclonal anti-human antibodies in the next
step, and cells were incubated for 20 min in the dark at
room temperature. From R&D Systems, Inc., Minneap-
olis, MN, USA, we used; Peridinin-chlorophyll-protein
(PerCP) CD4 IgG2a (FAB3791C), and Allophycocyanin
(APC) CD35 IgGr (FAB5748A). From BioLegend, San
Diego, CA, USA, we used; Brilliant Violet V5o CD8&
IgG1 k (301,048), Pacific Blue CD14 IgGr (315,616),
APC/Cyaniney (Cyy) CD16 (302,018), and PE CDs9
IgG2a (304,708). We used fluorochrome-matched nega-
tive isotype controls: from BioLegend, APC IgGr
(400,120); and from BD Biosciences; PE IgGz2a
(Aog141). Finally, we washed the stained cells and
resuspended them in the isotonic buffer. Immediately
after that, we ran/analysed the cells on a flow cytometer
(BD FACSCanto II; BD Biosciences) with a gating size
of 100,000 singlet leukocytes. We analysed the flow
data with Kaluza Analysis v. 2.1 (Beckman Coulter),
blinded to the types and conditions of the participants.
Cell height and area were used to gate singlets, size,
and granularity. Forward scatter/side scatter were used
to gate monocytes and lymphocytes. We further used
markers for lymphocytes CD4 and CD8 to differentiate
CD4+ T-cells and CD8+ T-cells and markers of mono-
cytes, CD14 and CD16, to differentiate monocyte sub-
sets in classical monocytes (CD14"&"/CD16"%),
intermediate monocytes (CD14"8"/CD16"€), and non-
classical monocytes (CD14°%/CD16"€). Finally, we
investigated the expression of the markers CD35 and
CDj59 on the different subsets of cells. Negative isotype
controls were used to eliminate nonspecific signalling
and were set to a threshold of 1%. Results from flow
cytometry are shown as the percentage of positive cells.

Immunoassays
Cytokines, anaphylatoxins, and growth factors were
quantified with multiplex immunoassays (Meso Scale
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Discovery) at the Technical University of Denmark
(DTU). The plates were prepared according to the man-
ufacturer’s instructions with prior identification of the
dilution factor. The manufacturer’s software was used
to create a standard curve (plotting mean absorbence
against protein concentration) from a standard added to
each plate. This standard curve was used to determine
target protein concentration. All tests were run in dupli-
cates to determine the mean concentration, and the
coefficient of variation (CV) was calculated as the ratio
of standard deviation to the mean. The mean CV values
were between 1-9—7-3 for all assays. Plate reading was
done immediately after preparation on a QuickPlex
SQr20 (Meso Scale Discovery).

Genotyping/SNP analyses

Genomic DNA extraction was done at the Kennedy Cen-
tre, Denmark, with Chemagic Magnetic Separation
Module 1 (Chemagen). SNP genotyping was performed
at BioXpedia, Denmark, with the Fluidigm 96.96
Dynamic Array Integrated Fluidic Circuit (Fluidigm
Corp). The assays were performed according to the
manufacturer’s protocol. Data were imported to the Flu-
idigm SNP Genotyping Analysis software v.4.5.1 and
analysed with the standard settings.

Statistics

We analysed data with RStudio version 4.1.1. Normally
distributed data are shown as mean and 95% confidence
interval (CI); non-normally distributed data as median
and interquartile range (IQR). The distribution of con-
tinuous variables was assessed for normality with histo-
grams and QQ-plots. For comparison between groups,
we used the independent samples t-test, Wilcoxon’s
rank-sum test, One-way analysis of variance (ANOVA),
the two-way ANOVA or Kruskal Wallis test for continu-
ous variables, and the Chi-squared test or Fisher’s Exact
test for categorical variables. Levene’s test was used to
test the equality of variances for normally distributed
data, where ANOVA was used. We used linear regres-
sion or robust linear regression where appropriate to
test if the outcomes depended on age.

SIS and SGS were calculated to show an overall
change in cytokine- and growth factor levels. We calcu-
lated a z-score for each marker and averaged the scores
to obtain a summary score for each patient. To evaluate
the size of the observed differences in the summary
scores, we calculated Cohen’s d, the ratio between the
group difference and the standard deviation. The effect
size was interpreted as small if 0-2, moderate if o-5, and
large if 0-8.

Statistical significance is defined as p<o-o05. In all
figures and tables, “n” represents the number of
humans in the groups tested. The tests used are
described in the footnotes of the tables.

Since the comparisons between patients with MPNs
have not been made before, we based our power calcula-
tion on similar comparative immunologic studies on
nAMD and previous levels of the outcomes. This exer-
cise ended in a sample size of 26 in each group to detect
a difference in variables between groups of at least 20%,
with an alpha level of o0-05 and a power of 80%. We,
therefore, aimed for 30 in each group.’” 3

Role of the funding source

The funding sources had no role in the design and con-
duct of the study; collection, analysis, and interpretation
of the data; preparation, review, or approval of the man-
uscript; or the decision to submit the manuscript for
publication. The corresponding author confirms that
she had full access to all the data in the study and was
responsible for submitting it for publication.

Results

Study population

Table 1 shows patient characteristics. One-hundred-
twenty-three patients were included in the study. One
nAMD patient was excluded post hoc because of a high
CRP (>15 mg/L), indicating an ongoing acute immune
response. Two iAMD patients were excluded because
they had atrophy lesions fulfilling GA criteria. One
MPNn patient was excluded because the flow cytometric
analyses failed, resulting in 119 patients: 29 nAMD, 28
iAMD, 35 MPNd, and 27 MPNn. The nAMD patients
had a median age of 777 years, significantly older than 73
years in iAMD (p = 0-034), 72 years in MPNd
(p = 0-0040), and 69 years in MPNn (p<o-oo1). We
found no differences between the groups regarding sex,
smoking habits, body mass index, and comorbidities,
but the MPNd group had a significantly higher alcohol
consumption in units per week than the other groups
(nAMD: p<o-oo1-, iAMD: p = 0-019, MPNn: p = 0-021).
Thirty-nine patients with MPNs had PV, 17 had ET, and
six had PMF. Most patients with MPNs had the
JAK2VG617F-mutation, fewer mutations in the calreticu-
lin (CALR) gene or the gene encoding the thrombopoie-
tin receptor (MPL). There was no difference in allele
burden between the two MPN groups (p = 0-62). The
patients with MPNs were all receiving acetylsalicylic
acid. Twenty-seven MPNd and 20 MPNn were receiving
hydroxyurea (HU), and the distribution in HU treated
versus non-HU was similar in the two groups
(p = 0-98). Patients receiving statins were similar across
all groups (p-value=0-58).

Inflammatory markers

There was no statistically significant difference between
the two MPN groups in levels of pro-inflammatory cyto-
kines, growth factors, or anaphylatoxins, but there was a
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(IQR)(MPN patients only)

nAMD (n = 29) iAMD (n = 28) MPNd (n = 35) MPNn (n = 27) p-value
Demographics
Age, years, median (IQR) 77 (71-82) 73 (68—76) 72 (65—76) 69 (62—74) <0e001°
Sex 0028°
Males, n (%) 12 (41) 10 (36) 20 (57) 10 (37)
Females, n (%) 17 (59) 18 (64) 15 (43) 17 (63)
Lifestyle factors
Smoking, n (%) 0e83°
Never 12 (41) 12 (43) 16 (46) 11 (41)
Former 13 (45) 13 (46) 18 (51) 14 (52)
Current 4(14) 3(11) 1(3) 2(7)
Body mass index, mean (95%Cl) 26 (24-27) 25 (24-27) 25 (24-27) 27 (25—-29) 048"
Alcohol consumption, units per week, median (IQR) 2(0-7) 3(0-7) 7 (2—-14) 2(0-8) 000036°
Comorbidities
Cardiovascular disease, n (%) 4(14) 5(18) 6(17) 6(22) 0089°
hypertension, n (%) 13 (45) 8(29) 18 (51) 17 (63) 00075"
hypercholesterolaemia, n (%) 4(14) 2(7) 3(9) 2(7) 0e82°
Type 2 diabetes, n (%) 2(7) 1(4) 2(6) 0(0) 0076°
MPN diagnosis (MPN patients only) - - 00082°
Essential thrombocythemia, n (%) - - 6(17) 11 (41)
Polycythemia vera, n (%) - - 26 (74) 13 (48)
Pre-PMF, n (%) - - 0(0) 1@
Primary myelofibrosis, n (%) - - 3(9) 2(7)
Mutation status (MPN patients only) - - 0043
JAK2V617F, n (%) - - 31(91) 22 (82)
CALR mutation, n (%) - - 1(3) 3(11)
MPL mutation, n (%) - - 1(3) 0(0)
Triple-Negative, n (%) 103) 2(7)
JAK2V617 allele burden 0061°
1—-25%, n (%) 15 (47) 14 (67)
>25—50%, n (%) 8(25) 3(14)
>50—75%, n (%) 7(22) 3(14)
>75%, n (%) 2(6) 1(5)
Overall JAK2V617F allele burden%, median 33(11-56) 17 (6—28) 0.089%

Table 1: Characteristics of the participants.
P-values in bold are significant. Statistical comparisons between groups:
# Kruskal Wallis test
> Pearson's Chi-squared test
¢ Fischer’s exact test.
4 One-way ANOVA.

thrombopoietin receptor.

AMD: age-related macular degeneration, nAMD: neovascular AMD, iAMD: intermediate AMD, MPN: myeloproliferative neoplasms, MPNd: Patients with
MPN and drusen, MPNn: patients with MPN and normal retinas, IQR: interquartile range, PV: polycythaemia vera, ET: essential thrombocythemia, PreMF:
pre-myelofibrosis, PMF: primary myelofibrosis, JAK2V617F: mutation in the JAK2 gene, CALR: calreticulin gene, MPL: MPL gene, the gene encoding the

significant difference in SIS (p = o0-020) (Table 2/
Figure. 1a). MPNd SIS was o-21 compared to —o-17 for
MPNn; the difference had a moderate size (Cohen’s d:
0-58). There was no difference between the MPN
groups in the SGS (p = 0-44) (Table 2/Figure. 1c). For
MPN subtypes, we found a PMF SIS of 0-39 and PV
SIS of 0-05, both significantly higher than ET patients
with —0-27 (p = 0-038, p = 0-014), table 4. The differen-
ces had a moderate size between PV-PMF and ET-PV
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(Cohen’s d: 0-50 and 0-60) and a large size between ET-
PMF (Cohen’s d: 1-52)

To compare cytokine and growth factor levels in
MPNs and AMD, we created radar plots (Figure. 1h+1d)
to visually compare the groups' levels, and we also com-
pared SIS and SGS (Figure. 1a+1c). The MPNd SIS
resembled the SIS in nAMD of o-10 and was signifi-
cantly higher than in iAMD, —o-20 (p = 0-014)
(Figure. 1a). The difference between MPNd and iAMD
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Pro-inflammatory nAMD (n = 29) iAMD (n = 28) MPNd (n = 35) MPNn (n = 27) p-value 1 P-value 2
markers testing testing
between between
MPN groups all groups
Pro-inflammatory cyto-
kines (serum)
TNF-o pg/mL, median 1-4(1-2—-1-6) 1-4(1-2-1.7) 1-6 (1-4—-2.1) 1-6 (1.5-1.9) 0-60° 0-0083°
(IQR)
TNF-RIl ng/mL, median 15-4(13-1-18:5) 12(11:1-14) 15(12—18) 13 (10—18) 0-12° 0-0054°
(IQR)*
IL-18 pg/mL, median 0-59 (0-57—0-64) 0:6 (0-5—-0-7) 063 (0-57—0-72) 0-60 (0-55—0-65) 0-17% 0-41°
(IQR)
IL-6 pg/mL, median 1-2(1-0-2:1) 1-3(1-1-2.0) 1-4(0-90—1-8) 1-2(1-0-1-5) 0-70° 0-62°
(IQR)
IL-8 pg/mL, median 12(8-9-15) 9:6 (7-5—12) 9:5(6-7—14) 9.0 (7-5—14) 0-92° 0.17°
(IQR)
IL-11 pg/mL, median - - - - -
(IQR)®
Anaphylatoxins
(plasma)
C3a ng/mL, median 917 (752—1111) 1031 (797—1238) 972 (629—-1227) 855 (741—1063) 0-82° 0.78"
(IQR)
C5a ng/mL- median 4.0 (3-2—5-0) 3:3(2-8-3-2) 3.4(2:5—4-3) 3.6 (3-0—4-1) 0-78" 0-16°
(IQR)
Growth Factors (serum)
Ang-2 ng/mL, median 1-4(1-1-1-8) 1-4(1-1-1-8) 1-2(0-90—1-5) 1-2(1-1-1.5) 035 0-098°
(IQR)
EGF ng/mL, median 0-33(0-21-0-48) 0-28 (0-25—0-42) 0-40 (0-27—-0-52) 0-48 (0-36—0-59) 0-16° 0.021°
(IQR)
HGF ng/mL, median 0-63 (0-58—0-75) 0-59 (0-48—0-70) 079 (0-63—1-1) 0-81 (0-72—0-96) 0-76" <0-001°
(IQR)
PDGF-A ng/mL, median 26 (20-31) 22(18-28) 30 (24—40.) 30 (26—39) 0-99° 0-0010°
(IQR)
PDGF-B ng/mL, median 3.2(2:6—4-1) 3.6 (2:9—4-4) 4.0 (3-3-5-7) 3.8(2:3-5-4) 0-18° 0-049°
(IQR)
VEGF-A, ng/mL, median 0-08 (0-01—0-21) 016 (0-11—0-28) 0-45 (0-20—0-63) 0-30 (0-18—0-46) 0-26" <0-001°
(IQR)
Chronic inflammation
Inflammation summary 0:10 (—0-13—0-32) —0-20 0-21 (—0-08 —0-17 0-020° 0.018¢
score, mean (95%Cl) (—0-35:—-0-05) —0-51) (—0-30:-0-04)
Neutrophil-to-lympho- 2:5(1-9-3-6) 2:1(1-5-2.7) 3.8(2:8-51) 2:4(1.9-3.7) 0-0090° <0-001°
cyte ratio (IQR)
Growth factor summary —0-34 —0-31 0-39 (0-05—0-73) 0-23 (0-03—0-44) 0-44¢ <0-001¢
score, mean (95%Cl) (—0-53:—0-16) (—0-45:—0-18)
Table 2: Levels of pro-inflammatory markers and summary scores between patient groups.
P-values in bold are significant. Statistical test for comparisons: *Wilcoxon rank-sum test.
# Wilcoxon rank-sum test.
> Kruskal Wallis test.
¢ independent samples t-test.
4 One way ANOVA.
€ concentrations of IL-11 were below detection level.
f TNF-RII is the TNF-« receptor and a more stable marker than TNF-a.
TNF-a: tumour necrosis factor alfa, TNF-RIL: TNF—« receptor 2; IL: interleukins. Ang-2: Angiopoietin-2, EGF: epidermal growth factor, HGF: hepatocyte
growth factor, PDGF-A: platelet-derived growth factor A, PDGF-B: platelet-derived growth factor B, VEGF-A: vascular endothelial growth factor A.
AMD: age-related macular degeneration, iAMD: intermediate age-related macular degeneration, MPNd: patients with myeloproliferative neoplasms and
signs of AMD, MPNn: patients with myeloproliferative neoplasms and normal retinas.
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Figure 1. Pro-inflammatory markers

Comparisons between patients with nAMD (n = 29), iAMD (n = 28), MPNd (n = 35), MPNn (n = 27)

a) Plot of summary inflammation score = [z score (IL6) + z score (IL8) + z score (TNF-R2) + z score (TNF-a) + z score (IL-1b)] - with
95% Clbars. b) Radar plots of standardized levels of pro-inflammatory markers. Patients with MPNn have a shape similar to patients
with iIAMD, where patients with AMD and MPNd look more alike. c) Plot of summary growth factor score = [z score (Ang2) + z score
(VEGF-A) + z score (PDGF-B) + z score (PDGF-A) + z score (HGF) + z score (EGF)]) - with 95% Clbars. d) Radar plots of standardized lev-
els of growth factors. Patients with MPNd and MPNn have a similar shape and higher levels of all growth factors than patients with
AMD and iAMD.

AMD: age-related macular degeneration, nAMD: neovascular AMD, iAMD: intermediate age-related macular degeneration,
MPNd: patients with myeloproliferative neoplasms and signs of AMD, MPNn: patients with MPNs and normal retinas.

TNF-a: tumour necrosis factor alfa, TNF-RIl TNF-a receptor II; IL: interleukin, Ang-2: Angiopoietin-2, EGF: epidermal growth factor,
HGF: hepatocyte growth factor, PDGF-A: platelet-derived growth factor A, PDGF-B: platelet-derived growth factor B, VEGF-A: vascular
endothelial growth factor A.

patients had a moderate size (Cohen’s d: 0-62). Both the
MPNd and MPNn had significantly higher SGS com-
pared to nAMD and iAMD (all p-values <o-oo1)

(Figure. 1c). The differences in SGS between MPNd-
AMD, MPNd-iAMD, MPNn-AMD, and MPNn-iAMD
were large (Cohen’s d: 0-94, 0-94, 1-13, and 1-21).
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nAMD n =29 iAMD n = 28 MPNd (n = 35) MPNn (n = 27) P-value 1 P-value 2
testing testing
between MPN between all
groups groups

Monocytes,%, median (IQR) 3.7 (2-4—4-6) 3.9(2.7-4-9) 2-8(2:1-3-6) 3.0(2:1-3-4) 0-67¢ 0-073°
CD35%, median (IQR) 72 (62—83) 77 (68—82) 76 (67—80) 80 (67—85) 0-30¢ 0-58°
CD59%, median (IQR) 72 (64—94) 68 (54—78) 50 (33-75) 65 (49—80) 0-13¢ 0-0040°
Classical monocytes 83 (78—88) 84 (80—86) 77 (70—84) 82 (75—88) 0-10¢ 0-016"
(CD14"9"CD16'"),% median (IQR)
CD35%, median (IQR) 83 (71-92) 87 (79-93) 91 (80—94) 90 (80—93) 0.73¢ 0-45°
CD59%, median (IQR) 82 (68—96) 71 (56—83) 53 (35—-84) 71 (53-82) 0-20¢ 0-0059°
Intermediate monocytes 6-8 (5-5—8-4) 7-5(6-1-9-1) 12 (9-6—15) 10 (8:3—13) 0314 <0-001°
(CD14""CD16"9"),% mean (95%Cl)
CD35%, median (IQR) 40 (24-55) 47 (27-61) 45 (33-60) 53 (37—-60) 0-49¢ 0-22°
CD59%, median (IQR) 69 (53—93) 62 (50—81) 49 (33-70) 60 (44—81) 0-16¢ 0-013°
Non-classical monocytes 7-6 (6-2—9-3) 8:9(7-7-10) 84 (6-7-12) 7-3(5-8—9-2) 0-48¢ 0-13¢
(CD14"°"CD16"9")% mean (95%Cl)
CD35%, median (IQR) 2.2(1-.2-3.7) 4.0 (1-8—6-2) 3-4(1-1-7-1) 2:9(1-5-5-2) 0.92¢ 0-34°
CD59%, median (IQR) 26 (19-73) 24 (19-36) 18 (13—40) 28 (18—42) 0-16° 0-062°
Table 3: Distribution of monocytes and expression of CD35 and CD59 on monocytes and subsets.
P-values in bold are significant. Statistical comparisons between groups:
# Kruskal Wallis test.
> One-way ANOVA.
€ Two-way ANOVA.
4 Wilcoxon rank-sum test.
‘independent samples t-testIQR: interquartile range; 95%ClI: 95% confidence interval; MPN: myeloproliferative neoplasms; nAMD: neovascular age-related
macular degeneration; iAMD: intermediate age-related macular degeneration.

The neutrophil-to-lymphocyte ratio (NLR), a marker
of CLI, was published in our previous work for the two
MPN groups.” In this study, we observed that MPNd
had a significantly higher NLR of 3-8 compared to all
the other groups: nAMD 25 (p = 0-0070), IAMD 2.1
(<o0-001), MPNn 2-4 (p = 0-0088). For MPN subtypes
NLR was 2-o for ET patients, significantly lower than in
PV with 3-6 (p<o-oo1) and PMF 3-7 (p = 0-049), table 4.

Monocyte subsets and Cregs expression

Most monocytes in MPNd and MPNn were classical
monocytes (77% and 82%), while 12% and 10% were
intermediate, 8-7%, and 7-3% non-classical. The distri-
butions did not differ significantly between the MPN
groups (Table 3).

We compared CD35 and CD59 expression on mono-
cytes and subsets. We did not find statistically signifi-
cant differences between the MPN groups (Table 3).

When evaluating MPN subtypes (Table 4), PV
patients had a CDs59 expression on monocytes of 48%,
significantly lower than 70% in ET (p-value=0-027) and
77% in PMF (p = 0-016). There was no significant dif-
ference between MPN subtypes regarding CD3s.

The PV group was large enough to subdivide into
those with drusen (PVd, n = 26) and normal retinas
(PVn, n = 13). PVd had a CDs59 expression of 44%, sig-
nificantly lower than PVn 66% (p-value=0-0500). There

was a tendency for lower CD35 expression in PVd, 77%,
than in PVn, 81% (p = 0-054). The SIS in PVd was o-15
compared to PVn —o0-27 (p = 0-024). The difference
had a moderate size (Cohen’s d: o-70). We did not
observe the same in ET patients (Figure. 2), but this
group was small (17 patients).

Comparing MPNs with AMD, we found a statisti-
cally significant difference between the groups when
we investigated monocyte subsets (Table 3). All p-val-
ues below are Bonferroni-corrected. The MPNd had
a classical monocytes percentage of 77%, signifi-
cantly lower than 89% in nAMD (p = o-o15) and
84% in iAMD (p = o-oy1). Correspondingly MPNd
had a higher intermediate monocytes percentage,
12%, compared to 6-8% in nAMD (p<o-oo1) and
7:5% in iAMD (0-0034). There was no difference
between the groups in non-classical monocytes per-
centage. MPNd also expressed CD59 on monocytes
of 50%, significantly lower than 72% in nAMD
patients (p = 0-0040). The difference was also seen
in classical- and intermediate monocytes (Table 3).

Single nucleotide polymorphisms

We found no statistical difference in CFH rs1o61170
genotype distribution between MPN groups (p = o-51).
However, when comparing MPNs with AMD patients,
we found significant differences. Both nAMD and
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mean (95%Cl)

ET (n=17) PV (n =39) PMF (n = 6) p-value p-value p-value
ET vs PV PV vs PMF ET vs PMF
Monocytes,%, median (IQR) 3.0 (2-4-3-7) 2.8(2-3-3-8) 2.7 (1-4—4.8) 0.92° 078" 0.97°
CD35%, median (IQR) 69 (66—84) 78 (73-82) 69 (65—74) 038" 0-11° 0-66°
CD59%, median (IQR) 70 (56—81) 48 (32-67) 77 (65—90) 0.027° 0-016° 0-23°
Classical monocytes 78 (75—88) 77 (71—85) 69 (68—83) 0-22° 0-54° 0-20°
(CD14"INCD16'%),9%
median (IQR)
CD35%, median (IQR) 87 (75—94) 91 (82—94) 88 (80—92) 0-29° 0557 1.0°
CD59%, median (IQR) 72 (56—90) 51 (34—73) 91 (70-98) 0.021° 0.0070° 0-13°
Intermediate monocytes 9.8 (6:6—14) 13 (8:3—18) 8.4 (6:2—15) 0.21° 0-46" 0.97°
(CD14"9"CD16M9),9%
mean (95%Cl)
CD35%, median (IQR) 46 (36-—55.) 51 (36—64) 42 (24-56) 0.55° 0.22° 0-43°
CD59%, median (IQR) 64 (51—83) 46 (30—61) 70 (68—85) 0.010° 0.029° 0-35°
Non-classical monocytes 7.0 (5-3=11) 7.5 (5-9—10) 12(7-7-20) 0-85° 0-16° 0-20°
(CD14°¥CD16"9")%
mean (95%Cl)
CD35%, median (IQR) 3.3 (1-4—4-8) 3.1(1:3-9:2) 2.5(1.7-3-4) 0-67° 0-38° 0.52°
CD59%, median (IQR) 30 (19-41) 16 (13—-32) 36 (29—44) 0-069° 0-024° 0-23°
Chronic inflammation
Inflammation summary score, —0.27 (-0-38:—0-17)  0.057 (—0-18—0-30)  0-39 (—0-22—1.0) 0.014° 025" 0.038"°
mean (95%Cl)
Neutrophil-to-lymphocyte 2.0 (1-8—2-6) 3.6 (26—5-7) 3.7 (2-8—4-4) <0-001° 0-23% 0-049°
ratio (IQR)
Growth factor summary score,  0-033 (—0-23—0-29) 0-023 (—0-24—0-28) —0-045 (—0-29—-0-20)  0-95° 0-69° 0-62°

regardless of signs of AMD.
P-values in bold are significant. Statistical comparisons between groups:

* Wilcoxon rank-sum test.
b

mary myelofibrosis.

Table 4: Monocyte distribution and expression of CD35 and CD59 on monocytes and markers of inflammation in MPN subgroups

independent samples t-test.IQR: interquartile range; 95% CI: 95% confidence interval; ET: essential thrombocythemia; PV: polycythaemia vera, PMF: pri-

iAMD had a significantly higher prevalence of CC and
CT high-risk genotypes (Figure. 3). We found no differ-
ences in the SNPs in the C3 gene between any of the
groups (Figure. 3).

Further analyses

HU has an anti-inflammatory effect.*® Despite the
small numbers of patients not treated with HU
(MPNd=8, MPNn=y), we investigated differences
between the HU-treated and the non-HU group regard-
ing monocytes, subset, Cregs, NLR, SIS, and SGS. We
also investigated differences between JAK2V617F-nega-
tive patients (n = 8) and JAK2V617F-positive (n = 53),
and differences between JAK2VG61yF-positive patients
with an allele burden <50% (n = 43) and >50% (n = 13)
regarding the same variables as above. Finally, we evalu-
ated Cregs on lymphocytes, CD4+ and CD8&+ t-cells.
The above analyses were not statistically significant
(data not shown).

www.thelancet.com Vol 43 Month January, 2022

Discussion

In this study, we found that MPNd compared to MPNn
had a higher CLI level, indicated by a higher NLR, a
higher SIS, and they also showed signs of inadequate
systemic complement system regulation. For Cregs, the
numbers gave us an impression of a much lower Cregs
expression in the MPNd group than the MPNn, and
when investigating MPN subtypes, we observed that PV
patients had a significantly lower CD59 expression than
ET and PMF patients.

The SIS and NLR were rising from ET over PV to
PMF. This data supports the concept of the MPNs as a
biological continuum with increasing inflammation,
including rising cytokine levels. Most of the patients
with MPNs were suffering from PV, and the group was
large enough to divide into those with and without dru-
sen. The PVd had a lower CDs59 expression and a near
significant lower CD35 expression than PVn. The SIS
was higher in the PVd than PVn.

The rationale for investigating CLI and the comple-
ment system in MPNs is that we have recently shown
that drusen and late-stage AMD prevalence are higher
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Figure 2. Expression of complement regulatory proteins CD35 and CD59 in patients with PV and ET (with and without AMD signs)
a) CD59 expression in patients with polycythaemia vera with drusen (n = 26) vs without drusen (n = 13) b) CD35 expression in

patients with polycythaemia vera with drusen vs without drusen. c) CD59 expression in patients with essential thrombocythemia

with drusen (n = 6) vs without drusen (n = 11). d) CD35 expression in patients with essential thrombocythemia with drusen vs with-

out drusen.

PV: polycythaemia vera. ET: essential thrombocythemia. AMD: age-related macular degeneration.

in these patients than in the general population and that
drusen develop at a younger age.”> Since drusen are
believed to be by-products of chronic inflammatory
events,”*"*" and drusen components, such as oxidized
apolipoprotein, can activate the complement system,”"+*
it is plausible that CLI in MPN patients leads to drusen
formation by local and systemic inflammation-mediated
complement activation, which is steadily being
enhanced in a vicious cycle. We do not know if the dru-
sen seen in patients with MPNs have the same

composition as those seen in patients with AMD, but
since patients with MPNs also have a higher prevalence
of late AMD, it seems likely that the drusen are similar.
An overactivated or dysregulated complement sys-
tem is involved in a broad spectrum of disorders such as
thrombotic and autoimmune disorders and cancer,*+*
but studies on MPNs and the complement system are
sparse,*? % and has never been systematically studied
in larger series of MPN patients. To the best of our
knowledge, no studies have previously performed
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NAMD (n=29) iIAMD (n=28)

MPNd (n=35) MPNn (n=28)

CFH rs1061170 Genotype
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‘ Q
L
p

=0.0177

p=0.019"

p=0.037"

p=1.0 .
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p=0.058

C3 rs2230199 Genotype
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p=0.93

Figure 3. Distribution in genotypes in SNPs associated with AMD

Pie charts of single nucleotide polymorphisms (SNPs), with the distribution of genotypes including significance levels between

groups in:

a) The CFH gene rs1061170. The genotypes CC and CT are associated with a 509- and 2e5-times higher risk of developing AMD,
respectively. The TT genotype is associated with a 1.6 times lower risk of AMD. Patients with nAMD and iAMD show a higher preva-

lence of the high-risk genotypes compared to patients with MPNs.

b) The C3 gene rs2230199. The genotypes GG and CG are associated with a 2e5- and 1e6-times higher risk of AMD. We observed

no differences in the distribution between groups.

Differences between groups were tested with Fischer's exact test.
nAMD: neovascular age-related macular degeneration, iAMD: intermediate AMD, MPN: myeloproliferative neoplasms, MPNd:

MPN with drusen, MPNn: MPN with normal retinas.

concurrent studies of Cregs and circulating biomarkers
of CLI in MPNs or comparative studies with another
chronic inflammatory disease, herein AMD.

The complement system has been extensively stud-
ied in AMD.*7""" Several complement proteins, regula-
tors, and components have been found in drusen and
are produced by the RPE.****% Associations between
AMD and variants in genes encoding complement pro-
teins and regulators have been found.*9**5459 In addi-
tion, major risk factors for AMD development, ageing,

www.thelancet.com Vol 43 Month January, 2022

smoking, and oxidative stress have been linked to over-
activation of the complement system.®>®" Current evi-
dence shows that the complement system's alternative
pathway (AP) is particularly important in relation to the
pathogenesis.'*"*">%* Initially, the AP is activated by
constant low-level hydrolysis of C3, and in later steps of
the pathway, an amplification loop for the classical and
lectin pathway initiates more C3 cleavage, which uncon-
trolled would lead to tissue damage. Thus, the AP is
continuously active and therefore requires continuous

1
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control, partly by Cregs. Data show that AMD patients
have increased levels of peripheral blood complement
proteins>'#%>%4 and decreased CD59 levels on mono-
cytes compared to healthy controls.>® Another study
found increased CD35 levels on monocytes, lympho-
cytes, and granulocytes.®

CFH is an AP regulator, and genetic variants in the
CFH gene are associated with an increased risk of devel-
oping AMD. In mice, the absence of the gene for CFH
leads to reduced CD59 expression with age in the RPE,
resulting in increased MAC formation.®>”®” RPE CDs9
expression is considered critical to AMD development,
and several complement-targeted therapeutics, includ-
ing gene-therapy with CD59 in GA and nAMD, are
ongoing, with others on the way (NCTo4358471,
NCT03144999, NCT03585550).

CD35 can both bind C3b and Cy4b, keeping them
from convertases inhibiting the complement pathway,
and it also acts as a cofactor for factor I-mediated inacti-
vation of C3b and C4b. Data has shown that CD35 can
further limit C6 deposition on RPE cells and could
therefore be a possible inhibitor of MAC formation, and
RPE cell protection could be important for AMD
patients.°® Another function of CD35 is binding to
immune complexes (IC), thus contributing to the clear-
ance of these. This clearance of IC is suggested to be
implicated in drusen formation and AMD
development.**®® 1t is intriguing to consider if
decreased CD35 expression might lead to defective IC
clearance in MPNs since elevated circulating IC levels
have been recorded in several studies.”°” 7> Systemic
Cregs dysregulation could contribute to AMD patho-
genesis in patients with MPNs. Data show evidence
of damage to the choriocapillaris as a primary event
in AMD pathophysiology and a higher degree of
MAC on the choriocapillaris than the RPE in AMD
patients.”””* MAC is even detectable in the human
choriocapillaris in healthy eyes, and the presence
increases with age.”” Damage to the choriocapillaris
could impact the RPE since the choriocapillaris
serves multiple functions, including oxygen- and
nutrients supply and waste products filtering for the
RPE and outer retina.

The subretinal space is usually immune privileged,
and in healthy individuals, it is devoid of mononuclear
phagocytes (MP).”° 79 A feature of AMD development
is an MP accumulation in the subretinal space, and
both animal models and investigation of donor's eyes
from AMD patients show blood-derived-monocyte-
derived-inflammatory-macrophages amongst these
cells.”®®>" Therefore, in AMD, the blood-derived
monocytes can enter the subretinal space and possibly
influence the inflammatory milieu, making the Cregs
expression on these monocytes interesting.

The comparative MPN and AMD studies, in which
CLI and complement activation are paramount in dis-
ease pathogenesis, have elucidated and unravelled novel

insights on common pathogenic mechanisms for dis-
ease pathobiology in these diseases. Thus, when we
compared findings in MPNs to AMD patients, we first
noticed that the higher SIS in MPNd resembled the SIS
in nAMD and the lower SIS in MPNn resembled the
SIS in iAMD. Although the retinal appearance in
MPNd is closer to the appearance in iAMD, the inflam-
matory state in these patients resembles the state seen
in nAMD. Likewise, MPNn, despite not having drusen
resemble the inflammatory state in iAMD. This could
suggest a possible role for systemic CLI in drusen devel-
opment. The higher inflammatory milieu in MPNd is
seen even though many patients with MPNs receive
HU treatment, which has an anti-inflammatory effect.*®
Another observation regarding inflammation in this
study was a lower percentage of classical- and a higher
percentage of intermediate monocytes in MPNs, espe-
cially in MPNd. This further underlines the higher
inflammatory milieu in patients with MPNs since clas-
sical monocytes are considered the more reparative
monocyte and intermediate the more inflammatory
type.** Secondly, we noticed similar (high) levels of the
anaphylatoxins across all groups. We do not have a
healthy control group to compare with, but anaphylatox-
ins are found to be elevated in AMD,+**# and we find
similar levels in patients with MPNs.*® Thirdly, we
observed a more substantial CD59 downregulation on
monocytes in MPNs than AMD patients, further sup-
porting current evidence on a role for CD59 in drusen
formation. Interestingly, case reports have shown a pos-
sible link between paroxysmal nocturnal haemoglobinu-
ria (PNH) and MPNs. PNH is partly characterized by
chronic intravascular haemolysis and venous thrombo-
sis apparently due to an unregulated complement acti-
vation following the reduction or absence of different
Cregs (including CDs59).#? To our knowledge, no previ-
ous systematic studies on Cregs expression in MPNs
are available. Finally, the SGS was similar in the MPN
groups but significantly higher than in AMD groups, so
this is a characteristic of the MPNs that is not present to
the same extent in AMD patients.

We also evaluated the presence of SNPs associated
with a higher risk of AMD to investigate if the high-risk
genotypes were present in patients with MPNs. From a
meta-analysis,”> we calculated the prevalence of the
CFH genotypes in studies of nAMD patients and con-
trols (Caucasian ethnicity). We found 14 studies includ-
ing 3001 patients with nAMD (not including GA). The
mean prevalence of CC, CT, and TT was 33%, 50%, and
17%, respectively. The corresponding numbers for con-
trols were 13%, 43%, and 44% (40 studies including
24,338 controls). In our study, prevalence rates in
nAMD and iAMD resembled the prevalence found in
the meta-analysis, and we found lower rates of the high-
risk CC and CT genotypes in the MPN groups. Another
meta-analysis of the C3 gene (15 studies including 7903
AMD patients and 6478 controls),*® reported mean
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prevalence of high-risk genotypes CG and GG of 38%
and 9% in AMD and 30% and 4% in controls.”” All
groups in our study had similar or lower rates of CG
than the controls and lower rates of GG. Accordingly,
our results did not indicate a higher prevalence of high-
risk genotypes in MPNs, explaining the higher drusen
prevalence. The MPNd group seemed to have a higher
prevalence of the high-risk genotype CC in the CFH
gene than MPNn, but the difference was not significant,
and the prevalence was much lower than in AMD
patients. These results suggest that polymorphisms can-
not, at least alone, explain the higher drusen prevalence
in patients with MPNd.

Important limitations should be kept in mind when
interpreting the results. The study is observational, and
we can only speculate on causality. Further, the distribu-
tion of included patients with different MPN subtypes is
a limitation since we only had six PMF patients. The ET
and PMF patient groups were too small to divide into
groups with and without drusen.

In conclusion, our study indicates a higher degree of
CLI in patients with MPNd and inadequate complement
system regulation. It is intriguing to apply the MPNs as
a “Human Inflammation model” to AMD pathogenesis
with CLI “triggering” drusen formation, leading to
more CLI creating a vicious cycle, and with this, an
increased risk of developing AMD. In MPNs, a treat-
ment concept is to dampen the CLI since it has an
essential role in initiating and driving the diseases. This
concept may be a treatment option for patients with
AMD, decreasing the possible inflammation-driven dru-
sen formation.
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