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Abstract

Chlamydia trachomatis is an obligate intracellular bacterium that causm®sere infections,
which can lead to infertility and ectopic pregnan&ithough both innate and adaptive
immune responses are elicited during chlamydigatdn the bacterium succeeds to evade
host defense mechanisms establishing chronic infextThus, studying the host-pathogen
interaction during chlamydial infection is of impance to understand hd® trachomatis

can cause chronic infections. Both the complemystesn and monocytes play essential roles
in anti-bacterial defense, and, therefore, we itigated the interaction between the

complement system and the human patho@etrsachomatis D and L2.

Complement competent serum facilitated rapid uptdhkeoth chlamydial serovars into
monocytes. Using immunoelectron microscopy, we gtbthiat products of complement C3
were loosely deposited on the bacterial surfaa®mplement competent serum and further
characterization demonstrated that the depositepr@Rict was the opsonin iC3b. Using C3-
depleted serum we confirmed that complement C3ittteis rapid uptake of chlamydiae into
monocytes in complement competent serum. Complefaelttitated uptake did not influence
intracellular survival ofC. trachomatis or C. trachomatis-induced cytokine secretion.
Hence C. trachomatis D and L2 activate the complement system leadirgntamydial
opsonization by iC3b and subsequent phagocytadisation and bacterial elimination by

human monocytes.

Keywords

monocytes; Chlamydia trachomatis; complement C3



47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

1. Introduction

Chlamydia trachomatis is estimated to infect 100 million people annuabyising chronic
genital and ocular infections [1]. The course aifitg infection is mostly asymptomatic
leaving the infection undiagnosed and untreatedrdated genital chlamydial infection can
cause severe tissue damage and lead to pelvioimiory disease, ectopic pregnancy, and
infertility [2].

C. trachomatis is an obligate intracellular Gram-negative baatariwith a unique biphasic
developmental cycle. The infectious, but metabiolactive elementary body (EB) infects
epithelial cells in the genital mucosa. Intracelttyl, the EB transforms to a larger non-
infectious but metabolic active reticulate body JRE. During entryC. trachomatis inhibits
phagosome-lysosome fusion and resides in a modifiedole called an inclusion, which
provides a niche for bacterial replication [4].

Chlamydial infections tend to be chronic even thobgth humoral and cell-mediated
immunity are elicited [5]. Monocytes and macroptsgkay essential roles in anti-bacterial
immunity in general, but little is known about #eact role of monocytes durirg
trachomatis infections. During infection, epithelial cells pesd by secreting several
cytokines and chemokines creating a local inflanemyatondition that recruits monocytes to
the site of infection [6]. In vitro studies shovattseveraC. trachomatis serovars infect
human monocytes inducing cellular activation weeretion of inflammatory cytokines, such
as IL-1B, IL-6, and IL-8 [7]. Chlamydial uptake into hoslls is supposedly carried out by
phagocytosis or by receptor-mediated endocytosistie exact mechanisms and the
receptors involved remain elusive [8]. An involverhef plasma membrane lipid rafts and
the mannose receptor have been suggested, butcadgement receptors could be involved
since these receptors facilitate uptake of othiea@ellular bacteria such &ycobacterium

tuberculosis andLegionella pneumophila [9-12].
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The complement system consists of more than 36rdift proteins comprising both soluble
factors and cell surface receptors [13]. Complenaetivation initiates a cascade of
proteolytic cleavages leading to both direct ardirétt anti-microbial effects. The direct anti-
microbicidal functions are carried out by the meamar attack complex (MAC), a pore-
formed structure consisting of repetitive membrapanning complement factors that causes
membrane permeability and cellular lysis. Anotharction of the complement system is
mediated by the so-called opsonins, which bindhéosurface of pathogens tagging them for
uptake and degradation in professional phagocytes.

The complement system is mainly activated throtgéet distinct pathways which are
triggered by different structural motifs and inveldifferent intermediate complement
products, but they all converge at the common dawam effector C3 convertase. C3
convertase cleaves complement factor C3 into thptarlatoxin C3a and the opsonin C3b.
C3b may be further cleaved into additional opsooaiked iC3b and C3dg. C3b, iC3b, and
C3dg are all recognized by surface receptors egpdesn different host immune cells and
opsonin-receptor engagement leads to receptor-teeddnagocytosis of the opsonized
organism. It has been shown that C3b and iC3bemagnized by complement receptor (CR)
1 and CR3, respectively, and both receptors amuitbusly expressed on monocytes and
macrophages and are important for mononuclear gyaggs of infectious bacteria [14].

C. trachomatis is able to activate the complement system andstideen demonstrated tiaat
trachomatis induced complement activation leads to bindin@8fto the bacterium [15].

To further explore the interaction between the cemgnt system an@. trachomatis, we
investigated how complement deposition@rrachomatis affects the uptake of chlamydial
EBs into human monocytes and how complement maghitae intracellular fate &.

trachomatis in monocytes. Uncovering new aspects of the intema between complement,
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monocytes, an@. trachomatis are important to understand how chlamydial infettiare

controlled by the innate immune system.

2. Materials and methods

2.1. Antibodies

The following primary antibodies were used in tsligdy: Anti-human CD11b (MEM-174)
(ImmunoTools GmbH, Friesoythe, Germany), PolycldRabbit Anti-Human C3c
Complement (Agilent Technologies, Glostrup, Denmavkab32.3 again<t. trachomatis
MOMP [16], and PAb17 again&t trachomatis outer membrane [17]. FITC-, Alexa Flour®
488-, and rhodamine-conjugated secondary antibadkes purchased from Jackson
ImmunoResarch (Jackson ImmunoResearch, PA, USA)RRabbit IgG Alkaline
Phosphatase was purchased from Sigma-Aldrich (Sigiaidch, St. Louis, MO, USA). Goat
anti-rabbit antibody conjugated with 10 nm colldidald (British BioCell, Cardiff, UK) was

used for immunoelectron microscopy.

2.2. Bacteria strains and culture

C. trachomatis D/UW-3/cx and L2/434/Bu were obtained from the Aioan Type Culture
Collection (ATCC, VA, USA) and propagated in McCaglls according to Ripa and Mardh
[18]. Chlamydia were tested free of mycoplasma by PCR accorditfutdche et al. [19].
McCoy cells were obtained from ATCC and tested &emycoplasma by Hoechst 33342
staining and PCR according to[19].

C. trachomatis D and L2 EB were purified by density gradient cifmgation essentially
according to Caldwell et al. 1981 [20] and puritgsaestimated using negative staining and

transmission electron microscopy (TEM), (see 2.7)
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2.3. Cdll isolation and culture

Blood samples were obtained frd@ntrachomatis seronegative donors at Aalborg University
(Approved by The Ethics Committee of Region Nordjyt, case no. N-20150073).
Peripheral blood mononuclear cells (PBMCs) wertated from heparinized blood by
density gradient centrifugation on LymphoPrep™ (SMEELL Technologies™, Vancouver,
Canada) according to Carlsen et al. [21]. The oetie seeded in 8 well Lab-Tek® Chamber
Slide™ Permanox slides (Thermo Scientific, MA, USA)R density of 5xf0cells/well and
cultured in standard medium containing RPMI 1648péemented with 10% heat inactivated
fetal calf serum (FCS), and 0.01 mg/ml gentamiCiells were allowed to adhere for 90
minutes at 37 °C and 5% G@nd non-adherent cells were subsequently remoy&dbhing

the cells twice in PBS.

2.4. Monocyte infection

C. trachomatis was suspended in RPMI 1640 (Biowest, Nuaillé, Eearcontaining either
10% human autologous serum (NHS) or 10% heat-weteiil human autologous serum
(HIHS) and added immediately to adherent monocyesum was heat-inactivated by
incubating serum for 30 minutes at 56 °C. Infectias carried out for 1, 4 or 24. For 24
hours infection, extracellular bacteria were rentbatter 4 hours and infection medium was
replaced by standard medium for the remaining iatiah period. In some experiments,
medium was supplemented with 10% C3-depleted hisaam alone or added 5 g purified
C3 (Sigma Aldrich) to a final concentration of 26/pal.

For some experiments lipopolysaccharide (LPS) fEsaierichia coli (026:B6, Sigma-

Aldrich) was used as positive controls at a comregion of 1 pg/ml.

2.5. Immunofluorescence microscopy
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Immunofluorescence staining was carried out esa@néiccording to Carlsen et al. [21].
Extracellular bacteria and surface bound CD11b \st&imed prior to fixation by incubating
cells for 30 minutes at 37 °C with Pab17 (1:200uati-CD11b (5 pg/ml) diluted in PBS
containing 0.1% bovine serum albumin (BSA) and %G®dium azide. Cells were washed
twice in PBS and fixed for 20 minutes in 3.7% foldedyde at 4 °C. Cells were
permeabilized for 7 minutes in 0.2% Triton-X 100@m temperature and blocked in 0.1%
BSA for 15 minutes at 37 °C. Primary antibodiesengituted in antibody buffer containing
0.1% BSA in PBS (Mab32.3: 5 ug/ml) and cells war@ibated with primary antibody for 30
minutes at 37 °C. Cells were washed three timesiitbody buffer and incubated with
secondary antibodies diluted 1:200 in antibody énf€ells were washed three times in
antibody buffer and counter-stained with eithe\ Tio-Pro-3 lodide or 2 uM DAPI for 10
minutes at room temperature. Finally, mounting medwas added to each well and slides
were mounted with cover slips.

Cells were visualized and imaged using a Leica &P¥ocal microscope or a Leica DM

5500 B fluorescence microscope.

2.6. Immunoel ectron microscopy

Purified EBs were mixed with 1/10 volume of NHSHIHS. Five microL purified EB was
added to the surface of carbon-coated glow diseub4@0 mesh nickel grids as described
(20). The grids were washed on three drops of RBS5(5) and blocked on one drop of 1%
ovalbumin (Sigma-Aldrich) in PBS. The grids werenrtincubated for 30 min at 3¢ with
1/200 rabbit anti-C3c antibody (Agilent Technol@®idiluted in ovalbumin. The grids were
then washed on three drops PBS and incubated fori8@t 37°C in goat anti-rabbit
antibodies conjugated with 10 nm colloidal gold28):in ovalbumin. Following this, the

grids were washed on three drops of PBS, inculitetiree drops 0.5% cold fish gelatin
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(Sigma-Aldrich) in PBS (10 min each), washed ored¢htlrops of PBS, one drop of®land
stained with one drop of 0.5% phosphotungstic aod blotted dry on filter paper. Electron
microscopy was done at 60 keV on a JEOL 1010 tresssom electron microscope (Jeol,
Tokyo, Japan). Images were obtained using a Keendigital camera (Olympus Soft

Imaging Solutions GmbH, Minster, Germany).

2.7. SDS-PAGE and immunaoblotting

Purified EBs fromC. trachomatis D and L2 were incubated with an equal volume dfegit
NHS or HIHS for 30 minutes at 37 °C. EBs were wasiwéce in PBS with centrifugation at
20000 x g for 15 minutes between each wash. Sam@esboiled in RunBlue LDS Sample
Buffer (Expedeon, CA, USA) containing 5% \iumercaptoethanol and proteins were
separated on a 7,5% SDS polyacrylamide gel acaptdihaemmli (Laemmli 1970). Proteins
were blotted on a nitrocellulose membrane accortbrigrasbek et al. (Drasbek 2004). The
membrane was blocked in Tris buffered saline (T8#) 3% gelatin. Polyclonal Rabbit
Anti-Human C3c Complement (Agilent Technologies)L(DO) was used as primary antibody
and Anti-Rabbit IgG Alkaline Phosphatase (Sigmarihl) (1:20,000) was used as secondary
antibody. Protein bands were developed by addindPB@BT alkaline phosphatase substrate

(Kem-En-Tec Diagnostics, Taastrup, Denmark).

2.8. Reinfection assay

Monocytes were cultured and infected accordingetiien 2.1 except PBMCs were seeded in
24-well plates at a density of 2)81€ells/well. After 4 and 24 hours, adherent monesytere
washed thoroughly three times in PBS and detachegiabing of cells in 2SP buffer (0.2 M
sucrose, 0.02 M phosphate, pH = 7.2). Monocyte® Wysed by ultrasonication and lysates

from two wells were pooled and diluted 1:2 in stadmedium (see 2.3) and added to
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confluent McCoy cells. McCoy cells were incubatedX hour at 37 °C and 5% G@nd
subsequently washed three times in PBS and culfareatiditional 23 hours in standard
medium containing 2 pg/ml cyclohexamide.

Cells were processed for immunofluorescence stgiasndescribed in 2.5.

2.9. Enzyme-linked immunosor bent assay (ELISA)

IL-6 and IL-8 ELISA kits were purchased from Immummls GmbH and the analyses were
performed according to manufacture’s protocol witinor changes. Briefly, MaxiSorp plates
(NUNC) were coated with capture antibody dilutedPBS over night at 4 °C. Excess binding
was blocked with 1% BSA in PBS for one hour at rdemperature. Monocyte culture
supernatants were diluted in 0.1% BSA + 0.05% Tw2@im PBS and added to the wells and
left for incubation for one hour at room temperatu€aptured IL-6 and IL-8 were detected
using a biotinylated detector antibody and subsettyistreptavidin conjugated to horseradish
peroxidase (HRP). The enzymatic reaction was ieitidy adding the HRP substrate TMB-

ONE (Kem-En-Tec Diagnostics) and stopped after 8tutas by adding 1M HCI.

2.10. Satistics

Statistical differences between two independentiggavere calculated using Studenitest.
Multiple comparisons were analyzed by One-way ANOWi#gh Tukey’s multiple
comparison test. All statistical analyses wereqgrened in GraphPad Prism 7 (GraphPad

Software Inc., CA, USA). P-values < 0.05 were cdered statistically significant.

3. Results

3.1. Investigating the role of complement componentsin C. trachomatis uptake
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We aimed to investigate whether complement compsradfect the uptake @. trachomatis
into monocytes. First, dilutions @. trachomatis D and L2 were titrated to obtain an average
Chlamydia-to-monocyte ratio of 1. Intracellular chlamydiaere visualized using a
monoclonal antibody against chlamydial MOMP (Fi§).1The intracellular localization in
monocytes were confirmed both by membrane staiagagnst CD11b and by differential
staining of intracellular and extracellular bacteMonocytes were infected in media
containing either normal autologous serum (NHS)eat-inactivated autologous serum
(HIHS). Heat-inactivation of serum was done to dereacomplement factors, abrogating a
functional complement system. Cells were fixedraftbour of infection and chlamydial
uptake was quantified by counting the percentagefetted cells.

Fig. 1B shows that the percentage of infected eg@is statistically significantly higher for
both serovars after 1 hour of infection in NHS skmgompared to HIHS samples. Fig. 1B
also shows that there was no difference betweeakapfficiency between serovars. These
findings suggest tha&k. trachomatis D and L2 are taken up by monocytes with the same
efficiency and that complement-competent seruniifaigs rapid uptake df. trachomatis D

and L2 into human monocytes.

3.2. Complement deposition on C. trachomatis D and L2

Our observations suggest that complement opsoaizafiC. trachomatis D and L2

facilitates uptake into monocytes. Monocytes expiferent receptors recognizing the C3
opsonins, C3b and iC3b, and it was previously destrated that these complement proteins
bind toC. trachomatis L2 [15]. We therefore used a polyclonal antibodgiagt C3c to
visualize possible opsonizing complement by immgaolal electron microscopy, since C3c is
a common component found in both C3b and iC3b fiedrC. trachomatis D and L2 EBs

were incubated with NHS and subsequently stainathagC3c and with gold-conjugated
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IgG as secondary antibody [22]. Fig. 2A+E show tBatcomplement fragments were
deposited in patchy areas on the surface of bativaes when incubated in NHS. In contrast,
when chlamydial EBs were incubated with HIHS, diely gold particles were observed on
the EB surface (Fig. 2B, F). No gold was observethe EB surface when EBs were
incubated with NHS and anti-C3c was omitted (Fi@, &). To quantify complement
deposition, bacteria associated gold particlesgahd particles associated with the
background were enumerated and these numbers wenessed as a ratio. Fig. 2D+H show
that more gold particles are deposited on the hatsurface when incubated with NHS
compared to HIHS. Thus, complement factors comgitihe C3c domain bind to the surface
of C. trachomatis D and L2 in the presence of NHS, but not HIHS, @inisl may account for

the observed differences in uptake efficiency.

3.3. Investigation of Chlamydia-bound C3

By immune-gold electron microscopy we confirmed tt@mplement C3 fragments bind to
the surface o€. trachomatis D and L2 EBs. However, since C3c is a common 8irac
found in different C3 fragments we could not elatelexactly which fragments were bound
to the EBs or if activation of the cleavage casdaaloccurred.

We therefore conducted an immunoblot analysis afipd chlamydial EBs incubated in
either NHS or HIHS. Western blotting was perfornieete times using different sera with
similar results and a representative blot is shmwiig. 3A. Fig. 3A shows that uncleaved
andp chains of C3 (119 and 74 kDa, respectively) weesent on EB after incubation with
either NHS or HIHS, though much stronger when iratet with NHS. Several other C3
protein bands were bound to b@htrachomatis D and L2 when incubated in NHS. The
protein band observed around 45 kDa correspontietd2 fragment of C3 which is only

found in complement iC3b (Fig. 3B). These findisgewed that the complement cascade is
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only activated in NHS leading to production anddumng of iC3b to botlC. trachomatis D

and L2. In addition to the protein bands just dégcl, two protein bands were present in the
high molecular area (165 and 250 kDa, respectivel{fe lanes in which EB were incubated
with NHS (Fig. 3A). These bands represent fragmehesther thex’ chain of C3b or the'1
chain of iC3b covalently linked to unidentified pgms. Both chains contain an exposed
thioester site that allows covalent interactionsveen C3b/iC3b and target proteins (Fig.
3B).

Thus, iC3b binds to the surface of b@hrachomatis D and L2 and may be involved in

covalent interactions with chlamydial surface pirdge

3.4. Complement C3 facilitated uptake of C. trachomatis into monocytes

The above results suggest that C3 opsonizati@ whchomatis could explain the

differential uptake efficiency observed using coempént-competent serum and heat-
inactivated serum, respectively. To elucidate whe@®3 in fact facilitates uptake into
monocytes, we investigated the monocyte uptake tfachomatis L2 in the presence C3-
depleted human serum after one hour of incubatign4- shows that using C3-depleted
serum reduces the uptake of chlamydia into monsaytenpared to bacteria incubated in the
presence of NHS. Adding purified human C3 to thed€fleted serum restored the monocyte
uptake efficiency, demonstrating that complementac8itates uptake of C. trachomatis into

monocytes.

3.4. Intracellular fate of C. trachomatis after complement-mediated monocyte ingestion
As early uptake of€. trachomatisin monocytes is facilitated by complement C3
opsonization, we analyzed the fateQottrachomatis when ingested by monocytes to

elucidate the biological significance of the rapmtake.
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We have previously observed that both serovar DL2ndletection diminishes over time in
monocytes (data not shown), suggesting that batvaes are eradicated in monocytes.
One previous study demonstrated tGatrachomatis D and L2 can survive intracellularly in
monocytes for up three days post infection [23feSéresults conflict with our initial
observations, and we speculated whether the olasdifferences may be due to the
presence/absence of functional complement. Tdhestwe evaluated the viability and
growth potential of complement-opsonized and noseojzedC. trachomatis L2 using a
reinfection assay. Monocytes containidgirachomatis L2 were lysed by ultrasonication and
the lysates were applied to confluent McCoy cdllee viability of ingested bacteria was
evaluated by quantifying the percentage of McCdlg @®ntaining mature inclusions (Fig.
5A, right image). As demonstrated in Fig 5A (tabtm)ly few McCoy cells contained mature
inclusions wherC. trachomatis was incubated with monocytes for 4 hours. No diffiees in
chlamydial viability were observed between NHS &S, suggesting that complement-
mediated uptake df. trachomatis does not affect intracellular degradatiorCotrachomatis

in monocytes. Whe@. trachomatis was incubated within monocytes for 24 hours nouneat
inclusions were observed in either condition dertratiag thatC. trachomatis is efficiently

killed in monocytes independently of complement.

3.6. Complement modulation of C. trachomatis induced cytokine production

We showed that complement C3 potentiates the cliahyptake, and that uptake leads to
efficient intracellular killing of the bacteria, Wit is one of the primary roles of monocytes
during infection. Another key role of monocytesidgrinfection is to produce and secrete
inflammatory cytokines potentiating anti-microbiedmune mechanisms. Thus, to further

extend our understanding of the functional consege® of bacterial opsonization we
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explored if complement affects secretion of IL-@ -8 in monocytes incubated with
trachomatis.

Monocytes were cultured for 4 hours withtrachomatis L2 in either NHS or HIHS, LPS or
media alone. After 4 hours of incubation cells weeshed and new medium was added and
cells were incubated for further 20 hours. The @imed monocyte medium was harvested
and the concentration of IL-6 and IL-8 was deteediby ELISA.

As shown in Fig. 5BC. trachomatis induces the secretion of both IL-6 and IL-8 asoregd
previously [7,24]. Neither IL-6 or IL-8 secretioreve significantly affected by the presence
of functional complement since monocytes incubatedHS and HIHS demonstrates similar
concentrations of the cytokine. However, for bogtokines a small non-significant difference
was observed between NHS and HIHS with a highecemtnation in monocytes incubated
with HIHS. Thus, complement opsonization does ffieicaC. trachomatis induced secretion

of IL-6 and IL-8 in monocytes.

4. Discussion

We demonstrated that purified EBs of the two serva and L2, ofC. trachomatis activated
the complement system leading to deposition ofr@8ments on the chlamydial surface and
that complement C3 facilitates rapid chlamydialaketinto human primary monocytes
leading to bacterial elimination and cytokine proiian.

Complement activation and complement-mediated ptydgsis of bacterial agents by
monocytes and macrophages have been demonstratditfdoent intracellular bacteria such
asM. tuberculosis andListeria monocytogenes [25,26]. Other studies have demonstrated the
ability of C. trachomatis to activate the proteolytic complement cascadeitggto activation

of both the C3- and C5-convertase [15,27].
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343  To our knowledge, we are the first to demonstratectlinvolvement of complement C3 in
344  monocyte ingestion dt. trachomatis and that complement C3 is deposited on the sudhce
345 C.trachomatis D EBs. Additionally, using immunoelectron micropgpwe directly

346 visualized complement deposition on serovar L2 ipresty reported by Hall et al. [15]. We
347 found that complement was activated generating Ml3lcsh was bound to the surface of both
348 serovar D and L2. iC3b is a potent opsonin thatdess involved in opsonization and

349 phagocytosis of other intracellular bacteria sueMatuberculosis [25].

350 iC3bis recognized by complement receptor 3 (CR3)gterodimeric integrin consisting of
351 CD11b and CD18 that is ubiquitously expressed erstirface of monocytes [28]. CR3

352  participates in phagocytosis of other intracellddacteria, such ddycobacteria spp. and

353  Peyron et al. [29] showed that CR3 is involvedpid| raft-dependent internalization bf.

354 kanadii. In line with these findings, it has been dematstt that the integrity of lipid rafts is
355 important for host cell entry of sevef@al trachomatis serovars [9,30]. Additionally, binding
356 and internalization oBorellia burgdoferi was shown to be dependent on complement C3 and
357 CD14-dependent recruitment of CR3 to lipid raftgygesting that CD14 may also be

358 involved in the enhanced uptake, since CD14 is hyieepressed on monocytes [31,32].

359 Thus, it seems likely that the enhanced uptake. dfachomatis observed in NHS is due to
360 iC3b-mediated phagocytosis by CR3 engagement. Henvév3b is not exclusively

361 recognized by CR3. CR1 and CR4 can also bind i€&8ihg to iC3b-mediated phagocytosis
362 [33].

363  An important parameter to discuss in this contexhe involvement of the complement

364 anaphylatoxins C3a and C5a, which are generatguldigolytic cleavage of C3 and C5

365 during complement activation. These inflammatorylia®rs were not investigated in the
366 current study, but we demonstrate C3 cleavagethatkfore, we know that C3a is generated.

367 Although some degree of C3b inactivation was oles#rit is likely that the complement
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cascade proceeds to C5 cleavage. This was preyislisivn by Megran and colleagues who
demonstrated tha&. trachomatis L2 induced cleavage of C5 to C5a [27]. Both
anaphylatoxins are recognized by G-protein couptedptors expressed on monocytes.
These mediators could likely contribute to the @ased monocytic phagocytosis, since C5aR
antagonists were shown to reduce phagocytosisatfkiked Staphyl ococcus aureus in
monocytes [34]. Supporting this observation, it Wamonstrated that both C3a and C5a
upregulates CD11b surface expression in neutrophilsmonocytes [35]. The contribution of
the anaphylatoxins was not addressed in our studyiterature suggests that anaphylatoxins

likely contribute to the observed effects presemethis study [27,34,35]

A unique feature of C3 opsonins is their abilityctavalently attach to target structures
through a thioester site located in thiehain of C3b and in the’l chain of iC3b (Fig. 3B).
Our data suggest that iC3b is covalently attacbhgurdtein structures on both serovars since
several high molecular protein bands are obseréénioth denaturing and reducing
conditions. Under reducing conditions iC3b willispito three protein fragmenta'l (63
kDa),a'2 (39 kDa), and (75 kDa) [36]. We observe the latter two, but thata’1l fragment.
Thea'l fragment is likely located in the observed higblecular bands covalently attached
to other proteins. It was previously proposed @atfragments interact with MOMP on the
chlamydial surface, but it was not conclusivelyedetined due to antibody cross-reactivity
[15]. We observed anti-C3c reactive protein bandgating approximately at 165 and 250
kDa, which does not correspond to the summed mialemass of MOMP and th€1l
fragment (40 kDa + 110 kDa, respectively). The @robands observed around 250 kDa
suggest that iC3b interacts with high molecularghiesurface structures. Potential high
molecular candidates to interact with C3 are tHgrporphic membrane proteins, which

ranges in size from 95 kDa to 187 kDa, howeveras not further investigated.
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We used immunoelectron microscopy to directly Viigegprotein deposition on the EB
surface. Interestingly, we observed that the C§nfrents were loosely bound to the
chlamydial surface and this observation does netith the idea that C3 is covalently linked
to chlamydial outer membrane proteins, howeveres#\chlamydial-complement bindings
may be involved. It has been demonstrated thatiER&sely bound in the chlamydial outer
membrane and we observed a very similar gold-laigefiattern that could suggest that C3
also interacts with non-protein structures like |LR8ich has been demonstrated for other
bacteria previously [22,37].

The loosely attachment of complement to the baidtetrface may be advantageous to the
bacterium allowing some degree of complement simgdathich can reduce the rapid
recognition and ingestion by phagocytes. Thus, dement binding taC. trachomatis EBs

may involve interactions with both protein struetsiand LPS on the bacterial surface.

We showed that uptake 6f trachomatis was accompanied by rapid inactivation and
elimination of the bacteria inside monocytes. In @xperiments, no viable chlamydiae were
recovered after 24 hours inside monocytes evergtihhohlamydia could still be detected by
immunofluorescence staining against MOMP at tmeet{data not shown). This demonstrates
the limitation of antibodies as a detection tookwlgyuestions regarding bacterial viability is
addressed. Under these circumstances, it is impddanclude functional assays or include
analyses of bacterial metabolites that can highiigiportant differences in bacterial viability.
There is some ambiguity related to the fat€afrachomatis in monocytes and macrophages.
In murine macrophagés. trachomatis L2 is rapidly directed to destructive intracellula
compartments including both lysosomes and autotages [38]. However, a study using
primary human monocytes showed t@atrachomatis can remain viable and infectious after

48 hours in monocytes [23]. In addition, the ausifound no reduction in the number of
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infected cells over a 72-hour period which condliatith our observations. This discrepancy
may be explained by the infection method, sincddeit al. [23] used centrifugation for
monocyte infection. It was previously demonstrateat centrifugation o€. psittaci on

McCoy cells reduced the bacterial association wgthlysosomes compared to static
infection [39]. Thus, using centrifugation instezfdstatic infection the normal endo-
lysosomal pathway may be omitted leading to in@dahlamydial survival and growth. This
remains to be demonstrated in monocytes, butwweisknown that the mechanisms and
receptors involved in the uptake process influeheesubsequent intracellular fate of the
ingested organism in monocytes and macrophagegleBalered intracellular trafficking
induced by complement receptor signaling also cempht anaphylatoxins may affect the
intracellular fate ofC. trachomatis in monocytes. Anaphylatoxins can modulate the
production of reactive oxygen species (ROS) in nogtes, which have been proposed to be
important for intracellular degradation ©f trachomatis [35,40]. Mollnes et al. showed that
an antibody directed against C5a was able to ihkiboli-induced ROS production in both
monocytes and neutrophils [35]. Therefore, it ipamant to consider possible effects of
anaphylatoxins when looking at intracellular suatigf C. trachomatis in monocyte cultures
supplemented with fresh serum. These observatiogsther with our results, emphasizes the
need to carefully revise the methods used foradlkmydia culture/infection used in maimy
vitro studies on host-chlamydial interactions, sincehm@fparameters such as centrifugation

and culture supplements have important implicationshe observed biological effects.

In this study, we did not observe any statisticalfynificant effect of complement on
chlamydia-induced cytokine secretion. Several stsidiowever, suggest that monocyte
cytokine secretion can be triggered and/or pottadiay the presence of complement. Both

C3a and C5a was demonstrated to induce IL-8 seargtihuman neutrophils and that
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443  specific antibodies against these anaphylatoxidsaed PAMP-induced cytokine secretion
444  (Vecchiarelli 1998). Similar effects were later ebged in monocytes when Cheng et al.
445  showed that complement C5a potentigardida albicans-induced cytokine production in
446  human PBMCs [41]. Asgari and colleagues [42] furthemonstrated that C5a directly

447  induces IL-6 secretion and that C3a receptor lgagiotentiates LPS-induced I13-1

448  production in human primary monocytes. Thus, botdpaylatoxins may influence the

449  cytokine profiles observed in this study.

450

451 Both macrophages and complement are present gpettigal mucosal lining, and during

452 infection-induced inflammation additional circulagi monocytes are recruited [6,43,44].
453  Thus, complement activation and complement-direpteafjocytosis by monocytes may
454  provide an important innate mechanism to resthtamydial infection. This is further

455  supported by in vivo studies using knock-out mitfedtion models. C3 mice displayed

456  decreased survival following intranasal infectiothvdifferent chlamydial species compared
457  to wild-type mice and this reduced survival was aitributed to differences in antibody titers
458  [44,45]. Thus, our findings could provide a meck#niexplanation for the observed

459  differences between C3and wild-type mice, but generally it is difficuti translate

460 complement-mediated effector functions demonstratettro to the complex in vivo

461  environment. This was highlighted by a study by ¢yabal. who demonstrated that

462 Chlamydia-induced pathology were C5-dependentpbetirred independently of C3 [46].
463  This observation conflicts with the normal paradightomplement activation where C5
464  functions downstream of C3 activation and cleavagess, several in vivo factors can

465 modulate complement functions, and these weredudreased in our “clean” in vitro system.
466  These factors could include other cell-types exgpngscomplement receptors or soluble

467  factors, such as coagulation factors neither ottviarere included in our experimental setup.
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Thus, during initial infection, before adaptive imnity is developed, complement
opsonization with C3 and subsequent monocytic ptygeis may be a key process for

controlling bacterial dissemination until adaptirenunity is developed.
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Figurelegends

Fig. 1. Immunofluorescence assay@©ftrachomatis uptake into human monocytdaimary
human monocytes were incubated withitrachomatis D and L2 in media supplemented with
either normal autologous human serum (NHS) or heattivated autologous human serum
(HIHS) for 1 hour. Cells were fixed, immunestainesing a chlamydial MOMP antibody and
the number of infected cells was quantified. A-mncal microscopy of monocytes fixed
after 1 hour post infection and stained against MOgreen). E) Intracellular location of EBs
(green) in monocytes was confirmed by CD11b surfaming (red). F) Extracellular and
intracellular bacteria were distinguished by susi&sstaining of extracellular and
intracellular bacteria (red and green, respectjvety) Percentage of infected cells at 1 hour
post infection. Data were from three independepternents with duplicate samples in each.

All data are presented as means = SEM. * indidate9).05. Scale bars indicate 10 um.

Fig. 2. Transmission electron microscopy of immunostainedfied C. trachomatis serovar

D and L2 EBs. Primary antibody: rabbit anti C3c aedondary antibody: goat anti rabbit IgG
conjugated with 10 nm colloidal gold. A) SerovarEB incubated with NHS subsequently
stained for C3c. B) Serovar D EB incubated with Blldnd thereafter stained for C3c. C)
Serovar D EB incubated with NHS and thereafter sdaoy colloidal gold conjugated
antibody. D) Serovar L2 EB incubated with NHS ahdreafter stained for C3c. E) Serovar
L2 EB incubated with HIHS and thereafter stained@8c. F) Serovar L2 EB incubated with
NHS and thereafter secondary colloidal gold comedaantibody. G+H) Chlamydia-
associated gold particles were counted from thidantydial EBs from two independent
experiments (6 cells for each condition). Gold iches per area was estimated for the bacteria
and the background, respectively, and a ratio ebéhnumbers was used as quantitative
measure of gold particle deposition. The data epresented as means + SEM. Scale bar

indicates 200 nm.
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Fig. 3. Immunoblot analysis of complement C3 depositinrCotrachomatis EBs.C.

trachomatis D and L2 were incubated in either NHS and HIHSsheal and proteins were
separated under reduced conditions on a 7.5% SD8ayesferred to a nitrocellulose
membrane and stained with anti-C3c. A) Differeagfnents of complement C3 are deposited
on chlamydial EBs when incubated in NHS. The bihmtves C3 (119 kDa and 74 kDa), iC3b
(74 kDa and 45 kDa) depositions, and in additiomdsaof higher molecular size (165 and

250 kDa) were seen after incubation with NHS. Badgdam showing the consecutive

cleavage of C3 with theoretical molecular sizethefcleavage products.

Fig. 4. Effect of complement C3 on chlamydial uptake intonmcytes. Monocytes were
incubated withC. trachomatis L2 for 1 hour in the presence of either NHS, HIES;
depleted serum\C3) or C3-depleted serum + purified human 883+C3). The cells were
fixed after 1 hour, stained against chlamydial MQMPRd the percentage of infected cells
were quantified. Statistically significantly morells were infected in presence of NHS
compared to C3-depleted serum. Adding C3 to C3aleg@lserum causes a statistical
significant increase in percentage of infectedsc&lata were from four biologically
independent experiments with duplicate samplesi@h eAll data are presented as means *

SEM. * indicates P < 0.05. n.s.: non-significarftetence.

Fig. 5. Functional consequences of complement-mediatedeofeC. trachomatis into
monocytes. A) Intracellular survival @f. trachomatis L2 in monocytes. Monocytes were
incubated withC. trachomatis L2 for 4 or 24 hours in media containing either®lbr HIHS
and subsequently lysed by ultrasonication. Monolygates were added to confluent McCoy
cells for one hour and McCoy cells were incubatedafiditional 23 hours. Chlamydial

inclusions were identified by immunofluorescenaershg against MOMP. Left image:
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McCoy cells with EB that had not developed to ariusion (arrowhead). Right image:
McCoy cell with an inclusion (green) from monocyiesubated in HIHS. Table: Mean
percentage (x SEM) of McCoy cells containing matacdusions quantified from duplicate
samples from three biological independent experimedcalebars indicate 10 um.

B) IL-6 and IL-8 concentrations in media from mowies cultured wittC. trachomatis L2.
Monocytes were incubated wi@ trachomatis L2 for 4 hours in media supplemented with
either NHS or HIHS. After 4 hours, extracellulactaia were removed and the monocytes
were incubated for further 20 hours. The cultungesnatants were harvested and used for
ELISA. Standard medium and standard medium suppitadevith 1 pg/ml LPS were used
as negative and positive controls, respectivelystdtistically significant differences were
observed between and NHS and HIHS groups. Eachtmmdias analyzed in triplicates and
three biologically independent experiments werdgpered. Data are presented as means *

SEM.
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