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Abstract

Background: Age related macular degeneration (AMD) is the leading cause of irreversible blindness in elderly
populations worldwide. Inflammation, among many factors, has been suggested to play an important role in AMD
pathogenesis. Recent studies have demonstrated a strong genetic association between AMD and complement
factor H (CFH), the down-regulatory factor of complement activation. Elevated levels of complement activating
molecules including complement component 5a (C5a) have been found in the serum of AMD patients. Our aim is
to study whether C5a can impact human T cells and its implication in AMD.

Methods: Human peripheral blood mononuclear cells (PBMCs) were isolated from the blood of exudative form of
AMD patients using a Ficoll gradient centrifugation protocol. Intracellular staining and enzyme-linked
immunosorbent assays were used to measure protein expression. Apoptotic cells were detected by staining of cells
with the annexin-V and TUNEL technology and analyzed by a FACS Caliber flow cytometer. SNP genotyping was
analyzed by TagMan genotyping assay using the Real-time PCR system 7500.

Results: We show that C5a promotes interleukin (IL)-22 and IL-17 expression by human CD4" T cells. This effect is
dependent on B7, IL-1B and IL-6 expression from monocytes. We have also found that C5a could protect human CD4*
cells from undergoing apoptosis. Importantly, consistent with a role of C5a in promoting IL-22 and IL-17 expression,
significant elevation in IL-22 and IL-17 levels was found in AMD patients as compared to non-AMD controls.

Conclusions: Our results support the notion that C5a may be one of the factors contributing to the elevated
serum IL-22 and IL-17 levels in AMD patients. The possible involvement of IL-22 and IL-17 in the inflammation that
contributes to AMD may herald a new approach to treat AMD.

Background

Age related macular degeneration (AMD) is clinically
characterized by degenerative changes in the macula, the
region of the retina that permits fine central vision. One
of the key pathological features of AMD is the develop-
ment of large drusen, extracellular deposits located
between Bruch’s membrane and the retinal pigment
epithelium (RPE). These large drusen and the associated
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RPE changes are the major risk factors for the develop-
ment of advanced AMD, which can be classified into two
subtypes: dry (geographic atrophic) and wet (neovascular)
[1]. Inflammation has been suggested to play an impor-
tant role in AMD pathogenesis [2,3].

Genetic studies have demonstrated strong associations
between AMD and several gene variants in genes coding
for complement proteins, including complement factor H
(CFH), factor B/C2, and C3 [4-12]. CFH is a factor that
down-regulates complement activation. It is commonly
thought that CFH polymorphism leads to dysregulation of
alternative complement activation which may contributes
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to AMD pathogenesis [13]. However, the mechanism by
which CFH regulates AMD progress is still not clear. Sys-
temic activation of the complement cascade has been
implicated in AMD patients [14-16]. C5a, among many
alternative complement activation molecules, are elevated
in peripheral blood of AMD patients [15,16]. Locally, C5a
and C3a accumulate in drusen and are shown to promote
choroidal neovascularization (CNV) [17], which is the hall-
mark of wet AMD.

Recently, a subset of effector helper T cells, IL-17-pro-
ducing T cell (Th17), is implicated in the pathogenesis of
various autoimmune diseases including uveitis, arthritis,
multiple sclerosis, psoriasis and inflammatory bowel dis-
ease [18-20]. Proinflammatory cytokines, including IL-1§,
IL-6, IL-23, IL-21 and TNFa, as well as transcription fac-
tor RORC, are responsible for differentiation and mainte-
nance of Th17 cells within human body [21-24]. Recent
evidence from the mouse suggests that C5a provides
both costimulatory and survival signals to CD4" T cells
and induces Th17 cytokine expression [25,26]. However,
it is still not clear if C5a can impact human T cells and if
Th17 cells are associated with AMD.

Here we showed that C5a protected human CD4" T
cells from undergoing apoptosis and C5a promoted IL-22
and IL-17 expression from CD4" T cells of AMD patients
and normal subjects as well. Intriguingly, consistent with
previous observation of elevated C5a expression in the
serum of AMD patients [15,16], we found significantly
increased levels of IL-22 and IL-17 in the sera of AMD
patients, suggesting possible roles of IL-22 and IL-17 in
the inflammation that contributes to AMD.

Methods

Patients

PBMCs were obtained from the peripheral blood of
AMD patients and healthy subjects in compliance with
institutional review board (IRB) protocols after informed
consent at the National Institutes of Health (NIH). The
written consents were obtained. Our study has obtained
ethics approval from the neuroscience IRB of NIH. AMD
subjects were diagnosed with wet AMD without accom-
panied systemic autoimmune diseases or other immune-
related diseases, as well as polypoidal vasculopathy by
experienced clinicians. We excluded patients with a his-
tory of cancer within the past 5 years or patients with
active inflammatory diseases. Clinical characteristics,
demographic data, and single-nucleotide polymorphism
information of complement associated molecules are
provided in Table 1 and 2.

Cell sorting
To sort CD4" T cells and monocytes, 1 x 10’ PBMCs
were stained with allophycocyanin-labeled CD3 (clone
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UCHT]1, BD Biosciences), PE-labeled CD4 (clone RPA-T4,
BD Biosciences), or FITC labeled CD14 (clone M5E2, BD
Biosciences) for 20 minutes in 1% BSA PBS staining buf-
fer. Cells were then washed and subsequently sorted on a
FACS Aria (BD Biosciences). BD FACSDiva software was
used to sort the cells.

Cell culture and flow cytometry

PBMC cells were cultured in RPMI 1640 medium (Invitro-
gen, Carlsbad, CA) containing 10% fetal bovine serum
(Gemini Bioproducts, West Sacramento, CA) supplemen-
ted with 2 mM glutamine and 1x antibiotics. For T cell
and monocytes separation, PBMCs were cultured in the
same RPMI medium described above and then stained
with anti-CD3 and anti-CD4 antibodies for T cell and
anti-CD14 for monocyte separation. Cells were treated
with or without C5a (50 ng/ml from R&D Systems, endo-
toxin level <1.1 EU per 1 pg of protein) and a C5aR
antagonist (2.5 ug/ml from Jerini Ophthalmic Inc, also
called JPE-1375, is a hexameric linear peptidomimetic
molecule that inhibits C5a binding to the human C5aR).
Anti-B7.1 and B7.2 antibodies (10 pg/ml of each) or anti-
IL-1B (10 pg/ml) and anti-IL-6 (10 pg/ml) neutralization
antibodies were added into the cell culture in indicated
experiments. Intracellular staining was performed after 5
days of C5a culture. Cells were stimulated with PMA (10
ng/ml), ionomycin (0.5 pg/ml) and Golgistop for 4 hours
at 37°C before intracellular staining. 5 x 10° cells were
stained with FITC labeled CD45RA (clone HI100, BD
Biosciences), PE-IL-22 (clone 22URT]I, eBioscience), or
PE-IL-17A (clone eBio64DEC17, eBioscience), perCP-CD4
(clone SK3, BD Biosciences) and allophycocyanin-labeled
CD3. The intracellular staining procedure was based on
the BD Bioscience protocol. Briefly, cells were firstly
stained with cell surface markers (anti-CD4, anti-
CD45RA), and then permeabilized and proceeded to intra-
cellular staining (anti-LI-17A or IL-22). Cells were
acquired by a FACSCalibur flow cytometer (BD Bios-
ciences) and analyzed by Flow]Jo software (TreeStar, San
Jose, CA).

Cytokine Analysis

Sera from patients or supernatants collected from cell
culture were tested by ELISA for IL-22 and IL-17, or
sent for multiplex cytokine analysis (Aushon Biosys-
tems). IL-22 and IL-17A ELISA kits were purchased
from R&D Systems, Inc. (Minneapolis, MN) and were
performed based on kit protocols.

Apoptosis Assay

Apoptotic cells were detected by staining cells with both
the annexin-V-FITC (BD Biosciences) and TUNEL tech-
nology (Roche, Indianapolis, IN) according to the
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Table 1 Clinical information of AMD patients

PT Race, Age, Type of CFH C2/CFB C3 Ocular therapy+ Co- Medications++
number Gender Disease rs1061170  Rs933739 Rs2230199 Morbidities*
1 W, 94, F Wet OU TC GG (@ anti-VEGF, PDT 19 H
2 W, 80, F Wet OU T GG CcC anti-VEGF, PDT 8 W, L, X
3 W, 97, F Wet OU TC GG CC anti-VEGF, Isteroids none W
4 W, 92, F Wet OU TC GG cC anti-VEGF 14,16, 21 Z,G, 0O, BB
5 W, 91, M Wet OU TC GG CcC anti-VEGF 2,7,18, 14 W, HTGDCB
6 W, 91, M Wet OU TC GG CG anti-VEGF 10, 11,14,15 G, CH, B E
7 W, 83, F Wet OU CcC GG CG anti-VEGF, PDT 8 14,16 W, Z G
8 W, 79, F Wet OD, Dry  CC GG CG anti-VEGF, Laser Rx 14, 15, 21 W, C, G, M, BB
oS
9 W, 74, M Wet OU CcC GG GG anti-VEGF, Laser Rx 7, 11, 14, 15 W,BB,EY,DHLCGCS
10 W, 77, M Wet OD, Dry  TC GG CG anti-VEGF, Isteroids 14, 15 W, L, C HR
0S
11 W, 74, M Dry OD, Wet  TT GG CcC anti-VEGF 3,15, 16 W, Z, A
oS
12 W, 82, F Wet OU T GG GG anti-VEGF, PDT 10, 11 W, E, BB, L, F
13 W, 81, F Wet OU CC GG CG anti-VEGF, laser Rx 7, 14, 15 C GV
14 W, 75, M Wet OD, Dry  TC GG CcC None 14,15, 23 C GH
(&)
15 W, 67, M Wet OD, Dry  TC GG CcC anti-VEGF, PDT 8,15, 20 W, L X, CHF
(&)
16 W, 72, F Wet OU TC GG CcC anti-VEGF, Isteroids 12, 16 Z,1,G W
17 W, 74, M Wet OU CcC CG GG anti-VEGF, laser Rx, 20 FV
PDT
18 W, 77, F Wet OU CcC - CcC anti-VEGF, PDT, 8 X
Isteroid
19 W, 75, M Dry OD, Wet ~ CC GG CcC anti-VEGF 11,15 W, E C L
oS
20 W, 82, M Wet OU - - - none 3,567 11, P,B G, A ED
19,
21 W, 72, M Wet OU CcC GG CG anti-VEGF, Isteroid 7, 14 H G D
22 W, 83, M Wet OD, Dry  TC GG CcC anti-VEGF, Isteroid 14, 15 W, LLH, G C
oS
23 W, 83, M Wet OD, Dry 1T GG GG anti-VEGF, PDT 14, 15, 22 B W, GC
oS
24 W, 88, F Dry OD, Wet  TC GG CcC anti-VEGF 19 W, H,
oS
25 W, 70, M Wet OD, Dry  TC GG cC anti-VEGF 10 W
(&)
26 W, 83, F Wet OD, Dry  TT GG CcC anti-VEGF, Isteroids 8, 13, 14, 17, QG Z W
oS
27 W, 80, M Dry OD, Wet  CC GG CcG anti-VEGF 7,8,14,15,21, W, L, BB, Q G, C, M, AA,
0S 25 D, BB
28 W, 95, M Dry OD, Wet T CG CcC anti-VEGF 1,14, 15, 22 W,E B K BB CGT,
oS
29 W, 79, F Wet OU CcC GG CG anti-VEGF, PDT 7,21, 24 W,L DV, CCN
30 W, 84, M Wet OU TC GG cC PDT, Laser Rx 58 G H CX A
31 W, 80, M Wet OD, Dry  CC CG CG anti-VEGF 4,8, 15 W, BB, L, B,E,N, D, X
0S
32 W, 97, F Wet OU - - - None 2 J,B
33 W, 77, M Wet OU TC GG CcC anti-VEGF, Laser Rx 11 W, L E
34 W, 57, M Wet OU, Wet  TT GG CG anti-VEGF 3,7,14,1526 A C D, G, BB, DD
oS
35 W, 67, F Wet OU cT GG CG anti-VEGF 14,15,16,21 G, M, Z, BB, EE
36 W, 82, F Wet OU @) CG CG anti-VEGF 7,8,14,15,16 C, G K Q,Z BB

37 W, 84, F Wet OS cC GG cC anti-VEGF 15,16 G LG Z
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Table 1 Clinical information of AMD patients (Continued)

38 W, 83, F Wet OU cT GG anti-VEGF 9, 14, 15, 28 B, C, BB

39 W, 84, F Wet OS T GG anti-VEGF 16, 27 Z, CC

40 W, 90, F Wet OU CcC GG anti-VEGF 27 B, G, H, O, BB, CC

Ocular therapy+

anti-VEGF- either Lucentis or Avastin intravitreal injections; Isteroids-Intravitreal steroid injections; PDT- Photodynamic

therapy; Laser Rx- focal laser ablation of choroidal neovascularization
Co-morbidities*®

1. anemia; 2. atrial fibrillation; 3. benign prostatic hypertrophy; 4. cerebrovascular accident; 5. COPD; 6. coronary artery disease; 7. depression; 8. diabetes; 9. Colon
Cancer; 10. Glaucoma; 11. GERD; 12. gout; 13. Hashimoto's thyroiditis; 14. hypertension; 15. hypercholesterolemia; 16. hypothyroid; 17. h/o low grade vitritis; 18.
Lyme Disease; 19. myocardial infarction; 20. Ocular Hypertension; 21. osteoporosis; 22. pacemaker; 23. prostate cancer; 24. seasonal allergies 25. testicular failure;

26. Asthma; 27. Uterine cancer post hysterectomy and radiation 28: Breast cancer.

Medications++

A. Anti-Benign Prostatic Hypertrophy; B. Anti-Coagulants; C. Anti-Cholesterol; D. Anti-Depressants; E. Anti-GERD; F. Anti-Glaucoma drops; G. Anti-Hypertensive
medication; H. Aspirin; I. Colchicine; J. Digoxin; K. Ferrous Fumarate; L. Fish Oil; M. Fosamax; N. Gapapentin; O. Glucosamine; P. Inhalers; Q. Insulin; R. Loratadine; S.
Magnesium Citrate; T. Meclizine; U. Megestrol acetate; V. NSAIDs; W. Ocuvites; X. Oral Hypoglycemic agents; Y. Scopolamine; Z. Synthroid; AA. Testosterone

injections; BB. Vitamins; CC. Premarin; DD. Singulair; EE. Calcitonin.

manufacturer’s instructions. Phospho-Bad expression
was detected by western blot using anti-Phospho-Bad
antibody (Cell Signaling Technology).

SDS-PAGE and Western blotting

A total of 5 million T cells were lysed in 100 pl lysis
buffer [50 mM Tris-Cl, 1% Triton X-100, 100 mM
NaCl, 2 mM EDTA, 50 mM NaF, 50 mM glycerol-phos-
phate, 1 mM NaVO, and 1x protease inhibitor cocktail
(Roche)]. Complete cell lysis was achieved by immedi-
ately vortexing the cells and then boiling in an equal
amount of 2 x SDS protein loading buffer at 95°C for 5
minutes. Cell debris was removed by centrifugation at
12, 000 rpm for 3 min. Twenty microliter of each sam-
ple was loaded into a 12% SDS-polyacrylamide gel con-
taining a 4% stacking gel. Immunoblotting was carried
out. Primary antibodies of anti-Phospho-Bad, anti-Bad
were purchased from Cell Signaling Technology (Bev-
erly, MA). Anti-B-actin antibody was from Santa Cruz
Biotechnology, Inc.(Santa Cruz, CA).

SNP Genotyping

Genomic DNA was extracted from the peripheral blood
of each individual using Promega Wizard Genomic DNA
Purification kit. The samples were analyzed by TagMan
genotyping assay using the Real-time PCR system 7500
(Applied Biosystems, Foster City, CA, USA). The primers
and probes for C2/CFB rs9332739 and C3 rs2230199
were from the inventory SNP assay while CFH rs1061170
were custom-designed from Applied Biosystems. Geno-
types were determined based on the fluorescence intensi-
ties of FAM and VIC. The call rates of 3 assays were
>98.5% and the call accuracies (consistency of duplicate
wells of selected samples) were 100%.

Statistical Analysis
Non-parametric methods (Wilcoxon two-sample test)
were used since the expression of IL17 and IL22 does

not follow a parametric distribution. To evaluate if the
expression of these 2 cytokines follows a normal distri-
bution, we visually checked the histograms as well as
used the Kolmogorov-Smirnov method. For the associa-
tion study between IL-22/IL-17 and some characteristics
of patients (CFH, C2/CFB, C3 genotypes, gender, co-
morbidities of diabetes, hypertension and hypercholes-
terolemia), Wilcoxon’s nonparametric two-sample rank
sum test was used. Age was analyzed using Pearson cor-
relation. The software used for all the analyses was “The
SAS System”, version 9.2.

Results

We listed the demographic, clinical information for both
controls and AMD patients in Table 1 and Table 2. Ocular
therapies, co-morbidities and complement related genetic
variance were also included to AMD patients for later data
analysis. These information will be used to evaluate con-
founding factors. All the subjects in this study are Cauca-
sians. There are 45 controls and the age range was from
59 to 87. Fifty-three percent (53%) are females and 47%
are males. There are 40 AMD patients in this study and
the age range was from 57 to 97. Fifty percent (50%) are
females and 50% are males.

C5a promotes the expression of IL-22 and IL-17 from
human T cells in vitro

To study the role of C5a on human CD4" T cells, we
used ELISA and intracellular staining to detect cytokine
expression. PBMCs from AMD patients and controls
were treated with or without C5a and a C5aR antagonist
for 3 days. Cell supernatants from 14 controls and 14
AMD patients were used for ELISA analysis and are pre-
sented side by side in Figure 1A. The addition of C5a
greatly increased the expression of IL-22 and IL-17A in
PBMC cells from both AMD patients and controls.
Blocking C5aR reversed this effect (Figure 1A). Interest-
ingly, we cannot detect the changes of IFNx and IL-4
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Table 2 Healthy Donor Information

Donor Race, Age, CFH C2/CFB a3
number Gender rs1061170  Rs9332739 Rs2230199
1 W, 61, F cT CG CcC
2 W, 72, M cT GG CcC
3 W, 69, M - GG GG
4 W, 71, F @) GG CG
5 W, 75, M T GG CcC
6 W, 65, F T GG CcC
7 W, 66, F T GG cC
8 W, 66, M @) GG CcC
9 W, 73, M T GG CcC
10 W, 61, M CcC GG CcC
" W, 69, M T GG CG
12 W, 73, F @) GG CcC
13 W, 65, F @) GG CcC
14 W, 75, F cT GG CcC
15 W, 69, M cT GG CcC
16 W, 65, F CcC GG GG
17 W, 65, F cT GG CcC
18 W, 65, F - CG CG
19 W, 62, F T CG CcC
20 W, 71, M T GG CG
21 W, 72, M cT GG [«@
22 W, 62, M T GG CcC
23 W, 71, F CcC GG CG
24 W, 66, F T GG CG
25 W, 65, F @) GG CcC
26 W, 61, F cT GG CcC
27 W, 63, F cT CG CcC
28 W, 64, F cT GG CcC
29 W, 68, M @) CG CG
30 W, 70, M cT GG -
31 W, 87, F - - -
32 W, 59, M CcC CcC CcCc
33 W, 64, F - cC
34 W, 61, M T GG CG
35 W, 66, M CcC CG CG
36 W, 65, M CcC GG CG
37 W, 65, F cT GG GG
38 W, €0, F @) GG CG
39 W, 63, F T GG CG
40 W, 66, F CcT CcC cC
41 W, 77, F - - -
42 W, 65, M cT GG CcC
43 W, 66, M cT GG CG
44 W, 62, M cT GG CcC
45 W, 66, M - - -

levels before and after C5a treatment. We then sub-
grouped the C5a induced IL-22/IL-17 expression in both
controls and AMD patients based on their CFH SNP
information (rs1061170). As shown in Figure 1B, there
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was no significant difference on cytokine expression
between controls and AMD patients. However, C5a high
response individuals all have the risk CFH allele genotype
(heterozygous/homozygous, TC/CC) in both control and
patient groups. Intracellular staining data further con-
firmed that C5a induced IL-22 and IL-17A secretion
from cultured CD3"CD4" T cells after PBMCs were trea-
ted for 5 days (Figure 1C).

Monocytes are important for C5a induced IL-22 and IL-17
expression from T cells
To address if peripheral monocytes play a role in C5a
induced IL-22 and IL-17 expression of CD4" T cells,
CD14" monocytes and CD3"CD4" T cells were cultured
separately or together, with or without C5a (50 ng/ml)
for 72 hours. Protein levels of IL-22 and IL-17A in the
culture supernatants were detected by ELISA. As shown
in Figure 2A, IL-22 and IL-17 were barely detected in
cultures with monocytes or CD4" T cells alone. Interest-
ingly, C5a induced expression of both cytokines only in
co-cultures of CD4" T cells and monocytes, suggesting
that monocytes are necessary for C5a to promote IL-22
and IL-17 expression. Further experiments showed that
only memory CD4" T cells, when co-cultured with
monocytes, could produce Th17 cytokines (Figure 2B).
The effects of monocytes on T cells could be due to
either direct interaction between B7.1/B7.2 on monocytes
and CD28 on T cells, or indirect effects such as the pro-
duction of cytokines. C5a treatment promoted both B7.1
and B7.2 expression on monocytes (Figure 2C). When a
blocking antibody that interrupts the B7-CD28 interac-
tion was added to the culture, the induction of both IL-
22 and IL-17 by C5a was diminished, to a similar extent
as the effect seen with the C5aR antagonist (Figure 2D).
Previous studies have shown that IL-1B and IL-6 are dri-
vers of Th17 cell polarization [22,27,28]. We found a sig-
nificantly increased expression of both IL-1f and IL-6 in
the supernatants of co-cultures containing both mono-
cytes and T cells and an increased trend for TNF-a
although P value not significant (Figure 2E), but not IFEN-
k or IL-23. Both IL-1B and IL-6 were produced by mono-
cytes (Figure 2F). We therefore neutralized IL-1f and
IL-6 with neutralizing antibodies and found that the
induction of IL-22 and IL-17 by C5a were significantly
dampened (Figure 2@G). Collectively, our results indicate
that not only direct interaction between monocytes and
T cells, but also the secretion of IL-1f and IL-6 by mono-
cytes is required for promotion of Th17 cytokines
by Cba.

C5a protects T cells from undergoing apoptosis

To fully understand the overall effect of C5a on CD4" T
cells, we examined C5a’s effect on CD4" T cell survival.
Purified PBMC cells naturally undergo apoptosis in
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Figure 1 C5a promotes the expression of IL-22 and IL-17 from T cells. (A) IL-22 and IL-17 in 3-day culture supernatants of PBMCs from 14
AMD patients and 14 controls. (B) C5a induced IL-22/IL-17 expression in both controls and AMD patients were subgrouped based on CFH
genotypes. (C) Intracytoplasmic staining of IL-22 and IL-17 from both controls and AMD patients after 5 days of culture with or without C5a and
C5aR antagonist.
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cells and CD3'CD14* monocytes (M) were sorted and cultured with or without C5a for 3 days. Cell supernatants were assessed for IL-22 and IL-
17 expression. Three separate experiments were performed and the figure shows representative data. (B) CD3*CD4"CD45RA™ (naive T cells, nT)
and CD3"CD4"CD45RA”™ (memory T cells, mT) T cells and CD3'CD14" monocytes (M) were sorted and cultured with or without C5a for 3 days. IL-
22 and IL-17 levels were measured from supernatants. Three separate experiments were performed and the figure shows representative data. (C)
C5a activates B7 expression on monocytes. PBMCs were cultured with or without C5a for 1 day. CD3'CD14" monocytes were gated for indicated
cell markers’ expression. Similar results were seen in another independent assay. (D) IL-22 and IL-17 in 3-day culture supernatants of PBMCs with
the presence or absence of C5a, C5aR antagonist and anti-B7.1 and anti-B7.2 antibodies. (E) C5a stimulates monocytes to secrete IL-1B and IL-6.
PBMCs were cultured with or without C5a and C5aR antagonist for 3 days. Cell supernatants were assayed for IL-1B, IL-6 and TNFo expression.
(F) Monocytes and T cells were sorted and cultured with or without C5a for 3 day. Cell supernatants were assayed for IL-1B and IL-6 expression.
Three separate experiments were performed and the figure shows representative data. (G) IL-22 and IL-17 in 3-day culture supernatants of
PBMCs with the presence or absence of C5a with isotype control antibody, C5aR antagonist and anti-IL-1B and anti-IL-6 neutralization antibodies.
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culture and they usually die without stimulation in 7
days. We added Cb5a with or without the C5aR antagonist
to the culture for 2 days and compared the percentage of
cells undergoing apoptosis for more than 10 individuals.
Morphological signs of the inhibition of apoptosis,
including more cell aggregates and less shrunken cells,
were observed in C5a group. Figure 3A represents a typi-
cal flow cytometry scatter plot. The percentages of lym-
phocyte and monocyte gates increased after Cba

treatment (from 41% to 52.8% and 5.96% to 17.0%
respectively). Further apoptosis staining showed that the
addition of C5a prevented CD4" T cells from undergoing
apoptosis, as indicated by annexin V staining. This effect
was abrogated by the addition of a C5aR antagonist
(Figure 3B). TUNEL staining confirmed these results.
Apoptotic cells were labeled with fluorescein. Fluorescein
labeled cells had less intense staining in C5a treatment
group as compared to the control group (Figure 3C).
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Figure 3 C5a protects T cells from undergoing apoptosis. (A) Scatter plot of PBMCs cultured with or without C5a. Three separate
experiments were performed and the figure shows representative data. (B) Annexin V expression on T cells cultured with or without C5a and
C5aR antagonist. Ten separate experiments were performed and the figure shows representative data. (C) TUNEL staining of CD4" T cells treated
with or without C5a and C5aR antagonist. (D) PBMCs were treated with or without C5a for 2 days. T cells were sorted and processed for western
blot analysis for indicated antibodies. Densitometry graph is also shown. Similar results were seen in another independent assay.
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Moreover, the expression of Phospho-Bad, one of the
anti-apoptotic indicators, was increased in CD4™ T cells
after C5a treatment (Figure 3D).

Higher IL-22 and IL-17 expression in AMD patients

Different cohort studies have shown elevated levels of
C5a in AMD blood as compared to controls [15,16].
Based on our in vitro data that C5a induced Th17 cyto-
kine expression from human T cells, we want to do a
pilot study to evaluate the expression of IL-22 and IL-17
in the serum of AMD patients. As shown in Figure 4,
IL-22 and IL-17 levels were significantly elevated in
AMD patients compared with controls. We then sub-
grouped cytokine expression in both the controls and
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the AMD patients based on their CFH SNP information
(rs1061170). As shown in Figure 4, IL-22/IL-17 cytokine
high expression AMD patients have the risk CFH allele
genotypes (heterozygous/homozygous, TC/CC). How-
ever, for control group, IL-22/IL-17 expressions
remained low regardless of their CFH SNP genotypes.
We performed the association study between IL-22/IL-
17 cytokine expressions and some characteristics of
patients (CFH, C2/CFB, C3 genotypes, age, gender, co-
morbidities of diabetes, hypertension and hypercholes-
terolemia). Our results indicated that there were no
statistically significant associations between IL-22/IL-17
cytokine expressions and these variances (all P values
are more than 0.05, Additional file 1: Table S1).
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Figure 4 IL-22 and IL-17 present a higher expression in AMD patients. Sera from 29 controls and 25 AMD patients were assayed for IL-22.
Thirty (30) controls and 23 AMD patients was assayed for IL-17 expression. IL-22/IL-17 expression in both controls and AMD patients were
subgrouped based on the subjects’ CFH genotypes.
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Discussion
In this study, we have provided evidence that C5a
induced IL-22 and IL-17A expression from human CD4"
T cells. Importantly, consistent with previous observa-
tions of elevated C5a expression in the serum of AMD
patients from different cohorts [15,16], we observed sig-
nificantly increased levels of IL-22 and IL-17A in the sera
of AMD patients. However, so far, we do not have direct
evidence showing that the elevated Th17 cytokine levels
in AMD patients’ sera are due to higher C5a expression
in AMD patients. C5a may be one of the many factors
related to this observed effect. Other unknown factors
may also contribute to this T cell activation seen in AMD
patients. Interestingly, the findings that C5a specifically
promoted the Th17 family cytokine production, but not
IENk nor IL-4, also correlated with the fact that there
were similar IFNx and IL-4 levels in the sera of AMD
patients as compared to controls. The dysregulation of
the complement system has been linked to multiple neu-
rodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, as well as AMD [29]. The induction
of inflammatory Th17 cytokines, including IL-22 and IL-
17, by complement component C5a could potentially elu-
cidate the general mechanism by which inflammation
contributes to the pathogenesis of these diseases pre-
viously referred to as degenerative. Our results support a
role for C5a in protecting CD4" T cells from undergoing
apoptosis (Figure 3). These findings suggest that the
enhanced effector T cell function by C5a is at least par-
tially mediated by limiting pro-inflammatory cell death.
We found that monoctytes are necessary for C5a
induced Th17 cytokine production through two mechan-
isms: 1) promoting the direct interaction between mono-
cytes and T cells; 2) indirectly stimulating the production
of IL-1B and IL-6 from monocytes. C5a can bind to the
trans-membrane receptors C5aR/CD88 and C5L2
(GPR77) which are expressed on monocytes. C5L2 is
expressed at much lower levels as compared to CD88.
C5a binding to CD88 leads to a number of functional
changes including activation of inflammation. However,
the pathophysiological role of C5L2 is currently contro-
versial with both pro-inflammatory and anti-inflamma-
tory roles reported [30]. Previous reports from rodent
models have shown that C5a has a direct effect on T cells
by interacting with the Cb5a receptor expressed on T
cells, a finding which is different from what we have
observed in humans [26]. Fang et al. recently demon-
strated that Cb5a itself has no effect on Th17 cytokine
production in mouse [31]. However, C5a synergizes with
TLR4 to produce serum factors that drive Th17 cell dif-
ferentiation [31]. Liu et al. reported that local interac-
tions among C3a/Cb5a, C3aR/C5aR, antigen presenting
cells (APC) and T cells are important for IFNx and IL-17
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production of T cells in a murine EAE (Experimental
autoimmune encephalomyelitis) model [32]. In another
murine sepsis model, Xu et al. shows that C5a affects the
crosstalk between DC and gamma/delta T cells and
results in a large production of IL-17[33]. In a human
study, Hueber and colleagues showed that C5a induces
IL-17 from human mast cells [34]. Our work is the first
human study showing that monocytes play an essential
role in C5a promoted expression of Th17 cytokines from
CD4" T cells.

Several research teams have reported that a common
SNP of CFH, Tyr***His, has a particularly strong asso-
ciation with AMD [4,6,8]. We sub-grouped IL-22/IL-17
expression based on the subjects’ CFH SNP genotypes
and found that AMD patients with higher IL-22/IL-17
cytokine expression were likely to have the risk CFH
allele (TC/CC) (Figure 4). However, serum IL-22/IL-17
cytokine levels showed no difference between the two
CFH genotype groups (TT versus TC/CC) in controls.
These results suggest that this CFH SNP does not
explain the elevated Th17 cytokine expression. However,
this genetic variant may be one of the many factors
influencing Th17 cytokine expression.

Dysregulation of alternative complement activation has
been reported to be involved in AMD pathogenesis. The
drusen of AMD donor eyes contain almost all molecules
of the alternative complement pathway, including CFH,
C3, C5, C3a, C5a, and the membrane attack complex
(MAC) [35-37]. These results suggest the role of the com-
plement system in the eye. The products of complement
activation can also be detected in the blood of AMD
patients. Scholl et al. [16] found higher levels of alternative
complement activation molecules in the blood from an
AMD cohort, including Ba, C3d, MAC, C3a, and Cha. A
subsequent study in a larger independent cohort of
patients and controls confirmed these results, showing the
activation of the alternative pathway of complement in
blood is associated with genetic polymorphisms in com-
plement factor B and increases with age [14]. Reynolds
and colleagues also found an increased plasma concentra-
tion of C5a and Bb in advanced AMD [15]. In addition, a
recent report has shown that immunization with carbox-
yethylpyrrole generated by oxidative damage to DHA
(Docosahexaenoic acid) present in the drusen and plasma
from AMD-affected individuals is sufficient to produce
AMD like lesions in mice and antibody titers of carbox-
yethylpyrrole correlates with disease pathology, suggesting
the involvement of the acquired immune pathway in dis-
ease pathology [38]. In this study, we found C5a induced
Th17 cytokine expression from human T cells in vitro,
which correlates with the increased levels of Th17 cyto-
kines in AMD blood. IL-22 has been shown to induce
apoptosis of fetal retinal pigment epithelium (RPE) cells
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and reduce RPE cell electrical resistance in culture [39].
However, whether systemic observations reflects patholo-
gical events in the eye and how systemic activation may
ultimately be manifest in the eye remain to be defined.

To date there is no effective treatments other than
attempts to slow the progression of geographic atrophy
form of AMD, while neovascular AMD is treated with
anti-VEGF medications injected directly into the eye
[40,41]. Previous attempts at controlling the wet form of
AMD with corticosteroid therapy have shown that the
beneficial effect is transient with a significant side-effect
risk profile [42]. Health improving behavior (no-smok-
ing), diet, and exercise may be preventive measures for
AMD [43]. Several compounds targeting complement
pathway are currently in clinical trials [13]. We recently
reported that immunotherapy directed against T-cell
activation resulted in patients with recurrent CNV
requiring fewer injections of anti-VEGF [44]. The dysre-
gulation of the acquired immune pathway we describe
here may provide us with new therapeutic strategies.

Conclusion

In conclusion, we have shown that C5a promoted
expression of Th17 cytokines from human CD4" T cells.
Consistent with several cohort observation of elevated
Cbha expression in the serum of AMD patients [14-16],
our results support the notion that C5a may be one of
the factors contributing to the elevated serum IL-22 and
IL-17 levels in AMD patients. Targeting adaptive
immune system, more specifically the Th17 family of
cytokines, may have beneficial effect on the course of
AMD.

Additional material

Additional file 1: Table S1 Association between the serum levels of
IL-22/IL-17 with patients’ characteristics. P values were listed for the
association between IL-22/IL-17 and some characteristics of patients
(CFH, C2/CFB, C3 genotypes, gender, co-morbidities of diabetes,
hypertension and hypercholesterolemia). Age was analyzed using
Pearson correlation.
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