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37 ABSTRACT

38

39 Background: Deposition of complement factors on Mycobacterium leprae
40 may enhance phagocytosis. Such deposition may occur through the lectin
41 pathway of complement. Three proteins of the lectin pathway are produced
42  from the gene MASP1: Mannan-binding lectin-associated serine protease 1
43  (MASP-1) and MASP-3 and mannan-binding lectin-associated protein of 44
44 kDa (MAp44). Despite their obvious importance, the roles played by these
45  proteins have never been investigated in leprosy disease. Methodology: We
46  haplotyped five MASP1 polymorphisms by multiplex sequence-specific PCR
47  (intronic rs7609662*G>A and rs13064994*C>T, exon 12 3’-untranslated
48  rs72549262*C>G, rs1109452*C>T and rs850314*G>A) and measured
49  MASP-1, MASP-3 and MAp44 serum levels in 196 leprosy patients (60%,
50 lepromatous) and 193 controls. Principal findings: Lower MASP-3 and
51 MAp44 levels were observed in patients, compared with controls (P=0.0002
52 and P<0.0001, respectively) and in lepromatous, compared with non-
53 lepromatous patients (P=0.008 and P=0.002, respectively). Higher MASP-3
54 levels occurred in controls carrying variants/haplotypes associated with
55 leprosy resistance (rs13064994*T, rs1109452 _rs850314*CG within GT_CCG
56 and rs850314*A: OR=0.5-0.6, Pcorr=0.01-0.04). Controls with rs1109452*T,
57 included in susceptibility haplotypes (GT_GTG/GT_CTG: OR=2.0,
58 Pcorr=0.03), had higher MASP-1 and lower MASP-3 levels (P<0.009). Those
59 with GC_CCG, presented increasing susceptibility (OR=1.7, Pcorr=0.006) and
60 had higher MAp44 levels (P=0.015). MASP-3 expression decreased in
61 patients, compared with controls carrying rs1109452 rs850314*CA or CG
62 (P<0.02), which may rely on exon 12 CpG methylation and/or miR-2861/miR-
63 3181 mRNA binding. Conclusion: Polymorphisms regulating MASP-3/MAp44
64 availability in serum modulate leprosy susceptibility, underlining the
65 importance of lectin pathway regulation against pathogens that exploit
66 phagocytosis to parasitize host macrophages.

67

68 Author summary
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69  Since immemorial times, Mycobacterium leprae inflicts permanent injuries in
70  human kind, within a wide symptomatic spectrum ranging from insensitive
71  skin patches to disabling physical lesions. Innate resistance to this parasite is
72 well recognized, but poorly understood. The complement system is one of the
73 most important arms of the innate response, and several lines of evidence
74 indicate that it may be usurped by the parasite to enhance its entrance into
75 host cells. These include our recent work on genetic association of the
76  disease with lectin pathway components and the complement receptor CR1,
77 whose polymorphisms modulate susceptibility to infection and clinical
78  presentation. Here, we add another pivotal piece in the leprosy parasite-host
79 interaction puzzle: polymorphisms and serum levels of three different lectin
80 pathway proteins, all encoded by the same gene, namely mannan-binding
81 lectin-associated serine protease 1 (MASP1). We found lower levels of two of
82 these proteins, MASP-3 and MAp44, in leprosy patients. Higher MASP-
83  3/lower MASP-1 levels were associated with protective haplotypes, containing
84 two side-by-side polymorphisms located in the exclusive untranslated region
85 of MASP-3 exon 12, which may regulate exon splicing and/or translation
86 efficiency. The associations revealed in this study reflect the pleiotropic nature
87  of this gene. They further illustrate the complexity of the response mounted
88 against the parasite, which places MASP1 products in the regulatory
89 crossroad between the innate and adaptive arms of the immunological
90 system, modulating leprosy susceptibility.

91

92

93 INTRODUCTION

94

95 Leprosy is a chronic infectious disease caused by the obligate
96 intracellular bacteria Mycobacterium leprae, irreversibly disabling about 8% of
97 about 210,000 new cases every year, with Brazil ranking second in worldwide
98 prevalence (1). To assist infection, M. leprae bacteria usurp complement
99 activation to be opsonized and more readily phagocytosed into macrophages,

100 one of their preferred host cells. Complement gene polymorphisms modulate
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101 the abundance of the cascade components and susceptibility to leprosy. One
102  way to mediate deposition of complement factors onto a surface is via the so-
103  called lectin pathway of complement activation. One of the initiating proteins
104 of this pathway is mannan-binding lectin, produced from the MBL2 gene.
105 Since the first suggestion of a balancing selection operating on MBL2
106  polymorphisms due to protection against mycobacterial diseases (2), much
107 has been done investigating the possible roles played by genes of the lectin
108 pathway of complement and their products on susceptibility to leprosy and
109  tuberculosis (3) (4) (5) (6)(7) (8) (9) (10)(11). However, the exact role played
110 by the lectin pathway components is still under investigation.

111 The very ancient origin of the complement system (12) (13), made it an
112 ideal platform to coevolve with pathogens, like M. leprae, employing opsonins
113  such as C3b to enter host phagocytic cells. In fact, the lectin pathway has
114 long being recognized as favoring establishment of infection (2) (5) (4) (14) (6)
115 (11). There is evidence that activation of complement modulate the course of
116 the disease towards the Th1 or Th2 pole, from the paucibacillary tuberculoid,
117  to the multibacillary lepromatous presentations of the disease, respectively (7)
118  (3) (8) (15) (5). The lectin pathway of complement starts with the recognition
119 of pathogen- or damaged/altered cell-associated patterns of carbohydrates or
120 patterns of acetylated groups by pattern recognition molecules molecules
121  (PRMs), i.e. collectins (Collectin-LK and mannose-binding lectin (MBL)) and
122 the ficolins (FCNs), H-Ficolin (aka Ficolin-3), L-ficolin (Ficolin-2) and M-ficolin
123  (Ficolin-1)) (16) (17) (18). These PRMs form circulating complexes with
124 homodimers of MBL-associated serine proteases (MASPs) or MBL-
125 associated proteins (MAps). Upon collectin/ficolin binding to a target, MASP-1
126  autoactivates and transactivates MASP-2, leading to cleavage of complement
127  factors C2 and C4 in order to form the C3 convertase. This leads to enhanced
128 deposition of the C3b molecule on the target, resulting in destruction by
129 phagocytosis through complement receptors (CRs) or to the generation of
130 membrane penetrating pores (membrane attack complexes) formed by C5b
131 and the last complement components C6, C7, C8 and C9 (19) (20). Another
132 result of complement activation is the generation of anaphylatoxins attracting
133  cells to the site of activation. Another piece in the puzzle of the complement

134 system is the alternative pathway, which is at least as old as the lectin
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135 pathway. It becomes activated when the enzyme factor D is allowed to cleave
136 other complement factors to allow for the generation of the alternative
137  pathway C3 convertase, i.e. amplifying opsonization of microorganism. The
138 enzyme Factor D becomes active when the enzyme MASP-3 cleaves pro-
139  Factor D (21).

140 The MASP1 gene (3927.3) is highly pleiotropic as it by alternative pre-
141  mRNA processing encodes the serine protease MASP-1 and MASP-3 and the
142  protein MAp44 (aka MAP-1) (22) (23) (24) (25). These three proteins circulate
143 in plasma in as homodimers in complexes with the PRMs mentioned above.
144 The substrate specificity of MASP-1 is described as being quite broad
145 resembling some of the characteristics of thrombin and trypsin. Within the
146 lectin pathway of complement activation MASP-1 can cleave MASP-2, and
147  thus activating MASP-2 leading to C4 activation. But other enzymatic activities
148 are also described. It has procoagulant activity, while it cleaves and activates
149 Factor Xlll and fibrinopeptide, generating fibrinopeptide B and attracting
150 neutrophils to assist the coagulation cascade (26). It also activates
151 carboxypeptidase B2, a molecule that prevents fibrinolysis and inactivates
152 C3a and Cba anaphylatoxins (27). MASP-1 generates bradykinin from the
153 cleavage of high-molecular-weight kininogen (28). It also cleaves PAR4
154  (protease-activated receptor 4) on endothelial cells and induces MAPKp38
155  (mitogen activated protein kinase protein 38) and NFkB (nuclear factor kappa-
156 light-chain-enhancer of activated B cells) proinflammatory signaling (reviewed
157 by (29) and (30)).

158 MASP-3 exclusively cleaves pro-factor D of the alternative pathway
159 (31). This results in factor D cleavage of factor B complexed with C3b,
160 creating the alternative pathway C3 convertase (reviewed by (32)). In the
161 absence of MASP-3, only thrombin may possibly cleave some pro Factor D,
162  but under circumstances of ongoing coagulation (33). As MASP-3 shares the
163 same bindings sites on the PRMs with MASP-1 and MASP-2, it is also
164  suggested to be able to compete on binding to the PRMs and thus to inhibit
165 activation by the two other MASPs (18) (34). Some rare mutations in a highly
166  conserved region of exon 12 of the MASP1 gene, which is exclusive of

167 MASP-3 and encodes the serine protease domain of this protein, cause the
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168 3MC1 (Malpuech-Michels-Mingarelli-Carnevale) syndrome, pointing to an
169 important role in ectodermal development (35).

170 MAp44 may also compete with MASPs for binding sites on the PRMs
171 and in such manner regulate MASP mediated complement activation, i.e. it
172 does have the ability of displacing MASP-1 and MASP-2 from within the
173  collagenous stalks of the PRMs (24) (36). It is highly expressed in the heart,
174  which suggest that it may reduce the damage which may occur with
175 uncontrolled activation of the lectin pathway, after ischemia-reperfusion injury
176  (25).

177 The role of MASPs in the establishment of infections and in leprosy
178  progression is still poorly understood. Low MASP-2 levels, as well as MASP2
179  polymorphisms associated with low MASP-2 production, were associated with
180 increased susceptibility to leprosy (6). Low MBL levels and corresponding
181 MBLZ2 polymorphisms, in contrast, were associated with increased resistance
182  (7) (3), and higher FCN-3 levels were more frequent in leprosy patients than
183 in controls (9). It has also been suggested that complement receptor CR1 and
184  CD91/calreticulin bind the collagenous chains of collectins and ficolins
185 deposited on pathogens or altered cells, leading to their internalization, but
186 that MASPs and MAps compete with this binding site, preventing this
187  recognition (37) (38). CR1 binds opsonized M. leprae to enter the cell (39),
188 and may use C3b and collectins/ficolins. Interestingly, we recently found
189  polymorphisms of the CR71 gene associated with leprosy, as well as a
190 negative correlation between the anti-inflammatory soluble CR1 and pro-
191 inflammatory MBL levels, probably preventing inflammation (10).

192 Given this context, we investigated whether MASP1 gene variants and
193 products are associated with susceptibility to leprosy and to the different
194 clinical forms of the disease. We aim at providing a better understanding of
195 the immunological clinical spectrum of leprosy and of the role played by the

196 lectin pathway in mycobacterial infections.
197
198

199 MATERIAL AND METHODS

200
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201 Subjects and Samples
202

203 We included leprosy patients comprising of a total of 196 individuals
204 with 138 being consecutive outpatients from the Clinical Hospital of the
205 Federal University of Parana (HC-UFPR) and 58 inpatients from the Sanitary
206 and Dermatologic Hospital of Parana both in Curitiba, Brazil. This study was
207  conducted according to the Declaration of Helsinki. The local medical ethics
208 committee of the HC-UFPR approved the study (protocol 497.079/2002-06,
209 218.104 and 279.970) and all subjects signed a written informed consent.
210 Patients were diagnosed based on clinical and histopathological features and
211 classified according to Ridley and Jopling criteria (40). The control group
212 comprised of 214 blood donors from the Hemepar and HC-UFPR blood banks
213 and were from the same socioeconomic, ethnic and geographic background.
214  Patients and controls were defined as Euro-, Afro-Brazilians or Amerindians,
215 based on physical characteristics and ancestry information. This means 9%
216 and 5% average sub-Saharan African and Amerindian ancestry respectively,
217  for the former, and at least 40% of African and 6% of Amerindian ancestry for
218 the latter, based on HLA genotyping for South Brazilian populations classified
219 in the same way (41) (42) (Table 1). Blood was collected with, or without for
220 serum collection, anticoagulant ethylenediaminetetraacetic acid (EDTA) and
221 DNA was extracted from peripheral blood mononuclear cells through
222 commercial kits (Qiagen GmbH, Hilden, Germany and GFX™ Genomic Blood
223  DNA Puirification Kit, GE Healthcare, Sao Paulo, Brazil).

224

225

226 Table 1. Clinical and demographic description of controls and leprosy
227  patients.

228
Parameters Controls Patients Exact P value
N 214 196 -
Age average [Min-Max] 38.17 [18-61] 51.31[18-94] <0.0001
Male (%) 116 (54.2) 119 (60.7) 0.195
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Ethnical background (%)* 0.70
Euro-Brazilian 176 (82.2) 158 (80.6)
Afro-descendant 34 (17.3) 36 (18.6)
Amerindian 4(2.1) 2(1.1)

Clinical Form (%)

Lepromatous n.a. 118 (60.2) n.a.
Borderline n.a. 27 (13.7) n.a.
Tuberculoid n.a. 18 (9.2) n.a.
Indeterminate n.a. 10 (5.1) n.a.
Non-specified n.a. 23 (11.7) n.a.

229

230 Table 1. Clinical and demographic description of controls and leprosy patients.

231  n:number of individuals; na.: not applicable

232 *: Ethnic background based on physical characteristics and ancestral information, corroborated by
233  HLA genotyping of South-Brazilians classified in the same way (Probst et al. 2000, Braun-Prado et al.
234 2000).

235

236 MASP1 genotyping
237

238 A sequence-specific multiplex amplification method (multiplex PCR-
239 SSP) was optimized in order to haplotype five single nucleotide
240  polymorphisms (SNPs): rs7609662*G>A and rs13064994*C>T in intron 1 and
241  rs72549262*G>C, rs1109452*C>T and rs850314*G>A in exon 12 within the
242 3 untranslated (UTR) region (reference sequence: ENSTO00000337774.9).
243  We amplified a 730 bp fragment specific for rs7609662 and rs13064994 in
244 intron 1 and co-amplified a 365 bp fragment specific for rs72549262 and
245  rs1109452+rs850314 (both are adjacent SNPs) in exon 12, all in a batch of
246  four low-cost reactions, as previously described for MASP2 (6). As a control
247  for the amplification quality, we co-amplified a 500 bp fragment in every single
248  reaction, corresponding to exon 8 of the Ficolin 2 gene (FCNZ2) by adding two
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generic primers (Table 2). The protocol starts with a denaturation step of 3
min at 96C, followed by 35 cycles of 20 sec at 94C for denaturation, 30 sec
for primer annealing at variable temperatures (see below), and 30 sec DNA
extension at 72C, concluding with 1 min and 30 sec at 72C or extension. We
used three different annealing temperatures according to previously published
“touch-down” protocol: the 10 first cycles at 61C, followed by 10 cycles at 59C
and 15 cycles at 57C. The haplotypes defined by these five SNPs, were
identified by the presence or absence of specific bands in agarose gel, after

electrophoresis.

Table 2. MASP1 sequence-specific primers and fragment size.

Forward Primers Reverse Primers

Intron 01

MASP1 rs7609662_Af 5 ATATTTGTTTCATATGTTTGAAACCA 3’ MASP1rs13064994_Cr 5 TTCTTAAACCAATCTGT!
MASP1 rs7609662_Gf 5 ATATTTGTTTCATATGTTTGAAACCG 3’ MASP1rs13064994_Tr 5 TTCTTAAACCAATCTGT
Exon 12

MASP1 rs72549262_Cf 5 CCCTCTCTCTTAGTGTGATC 3’ MASP1rs1109452_Tr 5 CGACTAAGTCCCCATAT
MASP1rs72549262_Gf 5 CCCTCTCTCTTAGTGTGATG 3 MASP1rs1109452_Cr 5 CGACTAAGTCCCCATAT

MASP1rs850314_Ar 5" CGACTAAGTCCCCATAT

Each primer is named after the SNP it amplifies, f: forward; r: reverse. In bold: variant nucleotides; bp:

base pairs.

MASP-3 and MAp44 levels assays

Serum concentrations of MASP-3 and MAp44 were determined by
time-resolved immunofluorimetric assays (TRIFMA) for 142 and 145 patients,
respectively, and 116 controls, as previously described (24). Briefly, samples
were diluted in binding buffer, 40-fold for MAp44 detection and 100-fold for
MASP-3, and incubated in microtiter wells coated with a monoclonal antibody.
The bound protein is detected by a specific biotin-labeled monoclonal
antibody, which is then subsequently detected by europium-labeled
streptavidin. The provided signal is measured by time-resolved fluorometry.

Four internal controls were added to each assay plate in both assays.
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277 MASP-1 levels assay
278

279 The time-resolved immunofluorimetric assay for MASP-1 is an
280 inhibition assay, where circulating MASP-1 in the sample inhibits the binding
281 of an anti-MASP-1 antibody to a surface coated with a fragment of MASP-1,
282  as previously described (36). Briefly, diluted serum samples of 141 patients
283 and 116 controls, 60-fold in binding buffer, were incubated with an equal
284  volume of diluted rat anti-MASP-1 antibody for approximately an hour and
285 then added to the coated microtiter wells. Bound rat anti-MASP-1 were
286 detected with biotinylated rabbit anti-rat-lg followed by europium-labeled
287  streptavidin, where bound europium is measured by time-resolved
288  fluorometry. Four internal controls were also added to each plate for this

289  assay.
290

291  Statistics
292

293 Genotype, allele and haplotype frequencies were obtained by direct
294  counting. The expectation maximization (EM) algorithm was used to calculate
295 maximum likelihood estimates of intron 1 — exon 12 haplotype frequencies,
296 while taking into account phase ambiguity. The hypothesis of Hardy—
297  Weinberg equilibrium and of homogeneity between allelic distributions (exact
298 test of population differentiation of Raymond and Rousset) was also evaluated
299 with the ARLEQUIN software package version 3.1

300 (http://anthro.unige.ch/arlequin/). Protein levels were compared between the

301 groups using nonparametric Mann-Whitney/Kruskal-Wallis tests (since their
302 distribution did not pass Shapiro-Wilk normality test), using Graphpad Prism
303 5.01 (GraphPad Software, La Jolla, CA). The reduced model of multivariate
304 logistic regression was used to adjust results for demographic factors; age,
305 sex (factors that might influence protein levels (43)) and ethnic group, as well
306 as for previously published MASP-2 levels, MBL2, MASP2, FCN1, FCN2 and
307 FCN3 genotyping results (44) (3) (9) (45) using STATA v.9.2 (Statacorp, TX,
308 USA). The P values obtained with multiple comparisons in the association

309 studies were corrected with the Benjamini-Hochberg method.

10


https://doi.org/10.1101/666909
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/666909; this version posted June 11, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

310
311

312 RESULTS

313

314 Protein serum levels in the Southern-Brazilian patients and controls
315 were within the range reported for a Danish population (34) (24). We found
316 strong evidence for an association between MASP-3 and MAp44 serum levels
317 and leprosy. We also identified a genetic association between MASP-1 and
318 MASP-3 serum levels and MASP1 polymorphisms, composing haplotypes
319 associated with increased resistance and susceptibility to leprosy. The results

320 are described in detail below.

321
322

323 MASP-3 and MAp44 levels are associated with leprosy per se and
324 lepromatous leprosy
325

326 Leprosy patients presented lower MASP-3 levels (median 4,488
327 [1,722-14,634] ng/mL), than controls (median 5,575 [2,149-12,579] ng/mL)
328 (Mann-Whitney P<0.001). In fact, the frequency of individuals with more than
329 5,500 ng/mL circulating MASP-3 in serum was higher among controls: 51.7%
330 or 60/116, compared with 31.7% or 45/142 in patients, independently of age
331 and sex distribution (logistic regression OR=0.51 [95%CI1=0.28-0.92] P=0.026)
332 (S1 Fig). MASP-3 levels were even lower in lepromatous patients, who
333 present numerous severe lesions with multiple bacilli and an exacerbated Th2
334 immune response. In these severely affected, often disabled patients, the
335 median of MASP-3 levels was 4,209 [1,722-11,244] ng/mL, compared with
336 5,334 [2,021-14,634] ng/mL in patients with the other clinical forms (Mann-
337  Whitney P=0.0083). Individuals with MASP-3 levels higher than 5,500 ng/mL
338 were also much more frequent among non-lepromatous (50% or 18/36),
339 compared with lepromatous patients (26.8% or 26/97), independently of age
340 and sex distribution (logistic regression OR=0.38 [95%CI=0.16-0.90],
341 P=0.028).

11
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342 MAp44 levels followed a similar trend, but with a more conspicuous
343  difference. Leprosy patients also presented lower MAp44 levels (median
344 1,715 [719-4,843] ng/mL in patients vs. median 2,330 [1,140-4,927] ng/mL in
345  controls; Mann-Whitney P<0.0001) (Fig 1). As in the case of MASP-3,
346 individuals with MAp44 levels higher than 2,300 ng/mL were much more
347  frequent among controls: 50.9% or 59/116, compared with 22.1% or 32/145 in
348 patients, independently of age and sex distribution (logistic regression
349 OR=0.26 [95%CI=0.14-0.49] P<0.0001) (S1 Fig). This pattern was also
350 followed by lepromatous, compared with non-lepromatous patients: MAp44
351 median 1,646 [719-4,843] ng/mL vs. median 1,995 [985-4,359] ng/mL,
352 respectively (Mann-Whitney P=0.0021) (Fig 2). Individuals with MAp44 levels
353 higher than 2,300 ng/mL were also much more frequent among non
354  lepromatous (36.1% or 13/36), compared with lepromatous patients (15.5% or
355 15/97), again independent of age and sex distribution (logistic regression
356 OR=0.34[95%CI=0.13-0.89], P=0.023).

357
358 Figure 1: MASP-1 (A), MASP-3 (B) and MAp44 (C) serum levels in controls and leprosy

359 patients. Data shown with medians and interquartile ranges and Mann-Whitney P values.
360 Open and closed symbols represent controls and patients, respectively.

361

362

363  Figure 2: MASP-1 (A), MASP-3 (B) and MAp44 (C) serum levels in non-lepromatous and
364 lepromatous patients. Data shown with medians and interquartile ranges and Mann-

365 Whitney P values. Open and closed symbols represent controls and patients, respectively.
366

367 In contrast, MASP-1 levels did not differ between patients and controls
368 (median 7,036 [2,350-14,109] ng/mL vs. 6,207 [2,521-16,624] ng/mL,
369 respectively; Mann-Whitney P=0.173) or among the lepromatous patients and
370 those with the other clinical forms (Mann-Whitney P=0.603) (Figs 1 and 2).
371 MAp44 levels correlated significantly, but weakly with the other two
372  serine proteases (MASP-1: R=0.21 in patients, Spearman P<0.05; MASP-3:
373 R=0.05 in patients, R=0.36 in controls, both with Spearman P<0.0001). There
374 was no correlation between MASP-1 and MASP-3 levels or MAp44 and
375 MASP-1 levels in controls (S1 Fig). These results were expected, according to
376  former reports (34) (36).
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377
378

379 MASP1 polymorphisms and haplotypes associated with leprosy
380

381 The allele frequencies for the investigated MASP1 SNPs did not differ
382 from Iberians (who contributed most to the Southern-Brazilian population), as
383 well as from other Europeans, according to the 1000 Genomes project (exact
384 test of population differentiation) (2014). (Table 3). We identified three intron 1
385 haplotypes: AC, GC and GT. The GC combination accounted for more than
386  half of all intron 1 haplotypes in the investigated groups. There were also four
387 exon 12 haplotypes: CCA, CCG, CTG and GTG. Of these, CCG was the most
388 common, but none of the others presented less than 5% frequency. The
389 genotypic distributions of these haplotype combinations were in Hardy and
390 Weinberg equilibrium, excepting the distribution of exon 12 haplotypes in
391 patients (P=0.01). Haplotype distribution further differed between leprosy
392 patients and controls (exact test P=0.016), as well as between lepromatous
393 patients and controls (exact test P=0.023), but not between lepromatous and
394 non-lepromatous patients. In accordance, there was no association of MASP1
395 alleles/haplotypes/genotypes with the lepromatous clinical form of the
396 disease. Furthermore, no associations with the disease occurred with the two
397 variants located in intron 1. All other associations were still significant after
398 correction for multiple comparisons (Pq value) and for age (the only
399 demographic factor that remained associated with the disease in the reduced
400 logistic regression model).

401 Linkage disequilibrium between the intron 1 and exon 12 alleles
402 resulted in a total of twelve different MASP1 haplotypes in leprosy patients
403 and thirteen in controls, among which those with frequencies higher than 10%
404 were GC_CCG, followed by GT_CCG, GC_CTG, GC_CCA and AC_CCG.
405 Three of them were associated with leprosy, independently of any other
406  demographic factor (Table 3).

407

408

409
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Iberian Controls Patients Lepromatous Others Patie
Variants Model Cont

% (n) % (n) % (n) % (n) % (n)
Total genotypes 100 (107) 100 (214) 100 (196) 100 (118) 100 (55)
157609662 (¢.5+2718G>A) OR |
A 13.6 (29) 14.1 (60) 14.6 (58) 13.5(32) 13.6 (15) ns
G/G 74.8 (80) 74.3 (159) 72 (141) 72.8 (86) 74.5 (41) ns
G/A 23.4 (25) 23.3 (50) 27 (53) 27.2 (32) 23.6 (13) ns
A/A 1.9 (2) 2.3(5) 1(2) 0 (0) 1.8 (1) ns
rs13064994 (¢.6-2172C>T)
T 26.9 (49) 28.5(123) 27.8 (109) 30.1(71) 27.3 (30) ns
c/C 54.2 (58) 50 (107) 50.5 (99) 45.7 (54) 54.5 (30) ns
Cc/T 33.6 (36) 43 (92) 43.3 (85) 48.3 (57) 36.3 (20) ns
/T 12.1(13) 7 (15) 16.1 (12) 3(7) 9.1 (5) ns
1572549262 (c.1304-5229C>G)
G 8.9 (19) 11.3 (48) 7.7 (30) 6.8 (16) 5.4 (6) ns
c/C 82.2 (88) 80.8 (173) 87.2 (171) 84.7 (100) 91 (50) ns
C/G 17.8 (19) 15.8 (34) 10.2 (20) 10.2 (12) 7.3 (4) ns
G/G 0(0) 32(7) 2.5(5) 1.7 (2) 1.8 (1) ns
rs1109452 (¢.1304-4903C>T)
T 25.2 (54) 33.5(143) 33.7 (132) 35.6 (84) 30 (33) ns
c/C 57.9 (62) 46.3 (99) 44.9 (88) 41.5 (49) 51 (28) ns
Cc/T 33.6 (36) 40.6 (87) 42.8 (84) 45.7 (54) 38.2 (21) ns
/T 8.4 (9) 13.1 (28 12.2 (24) 12.7 (15) 10.9 (6) ns
rs850314 (c.1304-4902G>A)
A 32.7 (70) 19.9 (86) 15.3 (60) 13.1 (31) 18.1 (20) ns
G/G 47.7 (51) 64 (137) 73 (143) 75.4 (89) 71 (39) ns
G/A 39.3 (42) 32.2 (69) 23.4 (46) 22.9 (27) 21.8 (12) Dom 0.60 |
A/A 13.1(14) 3.7(8) 3.5() 1.7 (2) 7.3 (4) ns
Intron 1 Exon 12 Haplotypes
GT GIG * 0.7(3) 1.8 (7) 1.7 (4) 0.9 (1) Addit  2.19]
GT CTG 6.1(26) 9.2 (36) 10.6 (25) 9.1 (10) Dom 2.01 |
GT CCG 16.6 (71) 12.2 (48) 12.7 (30) 11.8 (13) Dom 0.52
GT CC4 5.1(22) 4.6 (18) 5.1(12) 5.4 (6) ns
GC GTG 49.3 (40) 5.6 (22) 7.2(17) 4.5(5) ns
GC CTG 13.7 (59) 14 (55) 13.6 (32) 12.7 (14) ns
GC _CcCA 14.0 (60) 9.4 (37) 6.7 (16) 11.8 (13) Dom 0.48 |
GC _CCG 20.3 (87) 28.6 (112) 28.8 (68) 30 (33) Addit 1.70 |
AC CC4 2.3 (10) 1.2 (5) 1.2(3) 0.9 (1) ns
AC CTG 0.7(3) 2.8 (11) 2.5(6) 1.8 (2) ns
AC GTG 1.1 (5) 0.2 (1) 0(0) 0.9 (1) ns
AC CCG 9.8 (42) 10.2 (40) 9.7 (23) 10 (11) ns

Table 3. Association of MASP1 variants and haplotypes with leprosy. The intron 1 and
exon 12 haplotypes were unambiguously build with sequence-specific amplification. The
phase between them (symbolized by “ ") was inferred using the expectation maximization
algorithm. Official SNP nomenclature is given within parenthesis for the longest cDNA,
corresponding to the mRNA transcript encoding MASP-1: ENST00000337774.9. Addit:
Additive association model, which tests the hypothesis that homozygosity and heterozygosity
for the minor allele are associated with leprosy (either with protection or with susceptibility),
but homozygosity is stronger associated, than heterozygosity. Dom: Dominant association
model, which tests the hypothesis that the carrier status of the minor allele (regardless if

homozygous or heterozygous) is associated with leprosy (either with protection or with
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424  susceptibility) All associations were corrected for age, which was the only demographic factor
425 that remained associated in the reduced model of logistic regression. *: GT_GTG + GT_CTG
426 association. g*: Benjamini-Hochberg corrected p values; ns: not significant; OR: odds ratio;

427 Cl: confidence interval.
428

429 The strongest association was found with the most frequent GC_CCG
430 haplotype, which was associated with an additive (allele-dosage)
431  susceptibility effect (OR=1.70 [95%CI=1.21-2.40], P<0.005). This is explained
432 by a higher frequency of GC _CCG homozygotes and of
433 GC_CCG heterozygotes among leprosy patients (21/196 or 10.71% and
434 70/196 or 35.71%), than among controls (16/214 or 7.48% and 55/214 or
435  25.7%), respectively. A dominant, age-dependent effect towards leprosy
436  susceptibility was associated with carrying the less frequent GT_CTG
437  haplotype (OR=2.01 [95%CI=1.06-3.83], P=0.033). In other words, older
438 individuals with this haplotype seem more prone to develop leprosy, if
439 infected: there was 35/196 or 17.9% leprosy patients with GT_CTG, of which
440  26/35 or 74.3% with at least 40 years of age. In comparison, only 24/214 or
441  11.21% controls carried this haplotype, of whom only a third (8/24 or 33.3%)
442  were at their forties or older. Notwithstanding, the same analysis with either
443  GT_CTG and/or another uncommon haplotype with GT in intron 1, namely
444  GT_GTG, turned the association age-independent (OR=2.19 [95%CI=1.18-
445 4.03], P=0.012). Thus, age-dependency has a rather weak effect or may
446  simply result from sampling bias.

447 In contrast, two haplotypes were associated with protection against
448  leprosy. Among them, GC_CCA was associated with a dominant protective
449  effect (OR=0.48 [95%CI=0.29-0.82], P=0.008). This means that carriers of
450 this haplotype were much more frequent among controls (59/214 or 27.6%),
451 than among leprosy patients (36/196 or 18.4%). Similarly, controls presented
452  a higher frequency of GT_CCG carriers (71/214 or 33.2%), compared with
453  leprosy patients (43/196 or 21.9%). This haplotype was also associated with a
454  dominant resistance effect against the disease (OR=0.53 [95%CI=0.32-0.86],

455 P=0.011) (Table 3).
456
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457  MASP1 polymorphisms associated with protein serum levels
458

459 Although there was no association between the intron 1
460 rs7609662*G>A variant and MASP1 protein products, the neighboring
461 rs13064994*C>T polymorphism was associated with MASP-3 serum
462  concentrations. Healthy carriers with the rs13064994*T variant presented
463  higher MASP-3 levels, than C/C homozygotes (medians 6,022 [2,286-11,820]
464 ng/mL vs. 5,086 [2,149-12,580] ng/mL, respectively, P=0.0103). This
465 difference disappeared among leprosy patients, whose MASP-3
466  concentrations reached lower levels, independent of the genotype (medians
467 4,557 and 4,228 ng/mL, respectively) (Fig 3A).

468

469  Figure 3: Association between variant alleles and MASP levels. (A) rs13064994 in intron
470 1 and MASP-3; (B) rs850314 in exon 12 and MASP-3; (C) rs1109452 in exon 12 and MASP-
471  3; (D) rs1109452 in exon 12 and MASP-1.

472 Data shown with medians and interquartile ranges and Mann-Whitney P values. Open and

473 closed symbols represent controls and patients, respectively.

474
475 Regarding the exon 12 variants, there was no association with the
476 rs72549262 variant. However, in accordance with the associated effect of the
477  intron 1 rs13064994 polymorphism, controls with the minor rs8503714*A allele
478  of exon 12 presented higher MASP-3 levels, than G/G homozygotes (6,373
479  [2,286-11,820] ng/mL vs. 5,450 [2,149-11,480] ng/mL, P=0.0342). This
480 difference was no longer noticeable among patients, whose MASP-3 levels
481  were generally lower (medians 4,500-4,554 ng/mL) and seemed no longer to
482  be under the same genetic control (Fig 3B). In contrast, carriers of the minor
483  rs1109452*T allele presented lower MASP-3 levels in controls, although they
484 did not differ between healthy and diseased carriers (Fig 3C). Contrary to
485 MASP-3 levels, MASP-1 serum concentration of rs1109452*T carriers were
486  higher than in C/C homozygotes, independent of the disease (Fig 3D).

487 The adjacent exon 12 rs1109452*C and rs8503714*A, as well as
488 rs1109452*T and rs850314*G variants, occur in absolute linkage
489  disequilibrium. The CA, CG and TG haplotype combinations did not present
490 any association with MASP-1 and MAp44 levels (Figs 4A and 4C), although

491 leprosy patients presented consistently lower MAp44 levels, regardless of the
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492  exon 12 genotype (Fig 4C). Healthy individuals with the CA, as well as with
493 the CG haplotype, presented higher MASP-3 concentrations than those with
494 the TG haplotype (CA median 6,521 [2,286-11,820] ng/mL and CG median
495 5,858 [2,286-11,820] ng/mL vs TG median 5,071 [2,149-8,941] ng/mL). In
496 contrast to individuals with the CA and CG haplotypes, baseline levels of

497  healthy individuals carrying TG do not differ from those with leprosy (Fig 4B).

498
499

500 Figure 4: Association between haplotypes with the rs1109452 and rs850314 adjacent
501 exon 12 variants and levels of MASP1 products. Data shown with medians and
502 interquartile ranges and Mann-Whitney P values. Open and closed symbols represent
503 controls and patients, respectively. CA+: carriers of the rs1109452*C and rs850314*A
504  variants. CG+: carriers of the rs1109452*C and rs850314*G variants. TG+: carriers of the
505 rs1109452*T and rs850314*G variants. Unless if otherwise stated, comparisons were made
506  with Mann-Whitney test.

507

508 Healthy individuals carrying the GT_CCG haplotype presented higher
509 MASP-3 levels than those without it (median: 6,131 [2,286-11,820] ng/mL vs.
510 5,148 [2,149-12,580] ng/mL), a difference no longer noticed among leprosy
511 patients (Fig 5A). Similarly, controls with the GC_CCG haplotype, but not
512 patients, presented higher MAp44 levels (median 2,581 [1,355-4,927] ng/mL
513 vs. 2,272 [1,140-4,068] ng/mL) (Fig 5B).

514
515

516  Figure 5: MASP1 haplotypes associated with (A) MASP-3 and (B) MAp44 levels. Data
517 shown with medians and interquartile ranges and Mann-Whitney P values. Open and closed
518 symbols represent controls and patients, respectively. + with the haplotype, - without the
519  haplotype.

520

521 Discussion

522
523 Parasitic Mycobacteria species are known to usurp and efficiently

524 evade the host defense response (reviewed by (46) & (47)). However,

525 investigating the immune response elicited by M. leprae remains a particular
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526 challenge, due to its extreme dependence on the human host. Genetic
527 disease association studies shed light on a wide range of aspects from the
528 onset of infection to disease cornification, by uncovering genes whose protein
529 products may play pivotal roles in this pathology (48). This has been the case
530 for several genes of the lectin pathway of complement; those encoding PRMs,
531 MBL2 (3) (4) (14), FCN1 (5), FCN2 (4) and FCN3 (9) and the serine
532 protease MASPZ2 (6) and the possible receptor for MBL encoded by CR1 (10).
533  The evaluation of complement protein levels adds highly relevant information
534 to this picture, as an indirect measure of gene expression, complement
535 activation and consumption. Since the seventies, these measurements have
536 been done for leprosy disease (49) (8) (7), with results currently supported by
537 transcriptome studies (50). In the present investigation, we finally added
538 MASP1T polymorphisms and protein products, as one important piece of the
539 initiation complexes of the lectin pathway to the association of complement
540  with leprosy disease.

541 To understand the possible roles of MASP1 products in the disease, it
542 is important to keep in mind two prevailing hypotheses that may explain the
543 role of complement proteins in leprosy disease. First, they increase infection
544  success by improving opsonization and phagocytosis of M. leprae by the host
545 macrophage cells. Second, they increase inflammation after the disease is
546 established, leading to more severe tissue damage.

547 Regarding the first hypothesis, it may be argued that any variant that
548 reduces the rate of opsonin deposition would be protective, whereas any
549 variant that increases opsonization would enhance susceptibility. According to
550 this, one would expect that high MASP-1 levels would aid M. leprae’s
551 entrance into host cells, whereas high MASP-3/MAp44 levels would block
552 activation of the lectin pathway and reduce phagocytosis of the bacteria
553 (although MASP-3 may also activate the alternative pathway). In fact, higher
554 MASP-3 and MAp44 levels were characteristic for healthy individuals,
555 although the expected effect was not seen for MASP-1 (Fig 6). With respect to
556 the second hypothesis, it is expected that variants that reduce complement
557 activation would (again) play a protective role. Indeed, we found a clear-cut
558 difference between patients, with higher MASP-3/MAp44 levels more

559 prevalent among those, less severely affected. Since it is known from former

18


https://doi.org/10.1101/666909
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/666909; this version posted June 11, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

560 studies that Dapsone and Clofazimine treatment (used by the patients in this
561 study) does not interfere with complement availability and function (51) (52), it
562 may be assumed that lower MASP-3 and MAp44 levels among patients,
563 especially among those with the most severe lepromatous condition, are
564  genetically determined (Fig 6).

565

566 Fig 6: Proposed roles for MASP1 products and polymorphisms in susceptibility to M.
567 leprae infection. (A) Collectins (e.g. MBL) or ficolins (e.g. FCN-3) recognize pathogen-
568 associated molecular patterns (PAMPs), composed of sugar/acetylated groups on M. leprae.
569 MASP-2 (not depicted in this image) and MASP-1 homodimers complexed with them activate
570 the lectin pathway of complement, whereas MASP-3 may activate the alternative pathway.
571 Both pathways lead to C3b-opsonization and CR1-mediated internalization of the pathogen.
572 (B) Healthy individuals with rs1109452 and rs8503714 CA or CG haplotypes express higher
573 MASP-3 levels. Higher MASP-3 and MAp44 levels were also associated with resistance
574  against the disease. (C) CpG methylation at the CG haplotype in exon 12 may impair mRNA
575 transcription, spliceosome assembly and mRNA processing. Reduced MASP-3 levels may
576 also result from the differential recognition of CA and CG haplotypes by miRNAs (miR-2861
577  and miR-3181, respectively). (D) Individuals with TG haplotypes present lower baseline
578 MASP-3 levels. Lower MASP-3 and MAp44 levels seem to predispose to the infection,

579 possibly by optimizing opsonin coverage of the parasite.
580
581

582 There are numerous polymorphisms in the MASP1 gene that may
583 interfere with gene expression, some of which had been formerly investigated
584 by others (53) (17). We chose to investigate two SNPs located in a regulatory
585 region of intron 1, which may interfere with the production of all three MASP1
586 proteins, and three in exon 12, which is exclusive of MASP-3 and may
587 uniquely affect the expression level of this protein. None of them had been
588 previously investigated.

589 rs7609662*A in intron 1 is associated with higher MASP1 mRNA levels
590 in several tissues (https://gtexportal.org/home/snp/rs7609662), but we did not
591 identify this effect at the protein level. The rs13064994*T had the opposite
592 effect (https://gtexportal.org/home/snp/rs13064994) on MASP7 mRNA

593 expression. We found an association of this allele with higher MASP-3 protein

594 levels, but only in healthy individuals. The absence of a clear correlation

595 between mRNA levels and protein concentration in serum is not unexpected,
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596 since former analyses did not consider different MASP1 transcripts, and
597 stability of mRNA in cytoplasm may be greatly affected by regulatory
598 mechanisms that were not accounted for in previous transcriptomic
599 analyses.

600 All exon 12 \variants (rs72549262*G>C, rs1109452*C>T and
601 rs850314*G>A) are located within the 3’ untranslated region. Those two most
602 downstream (rs1109452 and rs850314) are adjacent to each other, and CG
603 represents the most ancestral combination. Thus, the minor alleles
604 rs1109452*T and rs850314*A disrupt a 5’CpG3’ site (where “p” means the
605 phosphodiester bond between rs1109452*C and rs8503714*G). The cytosine
606 of this CpG site was found methylated in the brain (54), but not in cell lines
607  from liver and female reproductive tissue, where MASP-3 mRNA production is
608 highest (https://gtexportal.org/home/gene/MASP1). DNA methylation in
609 alternatively spliced exons may modulate exon inclusion (55).

610 Furthermore, the CA and CG combinations are miRNA targets, as
611 predicted in silico using targetScan7.1 (REF), and may reduce MASP-3
612 translation. Thus, one would expect that any nucleotide substitution at these
613 loci would modify gene expression, depending on specific regulatory
614 requirements of the cell type, developmental stage, physiological and
615 immunological responses. In fact, both adjacent polymorphisms were
616 associated with MASP-3 (in the case of rs1109452, even MASP-1) levels.
617 However, the predicted down-regulating effects either of CpG methylation
618 and/or CA/CG miRNA binding on MASP-3 levels, were restricted to leprosy
619 patients. In the disease, MASP-3 levels of CA or CG carriers dropped to the
620 same concentration found in TG carriers, who presented the lowest MASP-3
621 levels, independent of the disease. Interestingly, among the miRNAs
622 predicted to recognize these polymorphic sites, none bind TG, but miR-3181
623  preferentially recognizes CG and miR-2861, CA. Both are expressed in the
624 liver (56), with miR-2861 being up-regulated by interleukin 6 (57), a
625 proinflammatory cytokine with a pivotal role in leprosy disease (58). It is thus
626 conceivable that these regulatory mechanisms operate after disease
627  establishment and activation of the acute phase response (Fig. 6).

628 Refining the association analysis to the haplotype level, allowed us to
629 identify the GT_CCG and GC_CCA haplotypes (containing the previously
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630 mentioned rs8503714*A variant) associated not only with higher MASP-3
631 levels, but also with higher protection against the disease. Higher MASP-3
632 levels may avoid initiation of bacterial colonization due to competition with
633 MASP-1 and MASP-2 for binding sites of recognition molecules - blocking the
634 lectin pathway, and/or by competition with binding sites on complement
635  receptors, blocking phagocytosis.

636 Yet the GC_CCG haplotype, associated with leprosy susceptibility, was
637  associated with higher MAp44 serum concentrations. In contrast with MASP-
638 3, however, MAp44 serum levels did not associate with the investigated
639 SNPs, which may suggest other causal variants in linkage disequilibrium with
640 GC_CCQG, not investigated in this study. In fact, Ammitzboll et al. (2013) list
641 several variants that may modulate MAp44 levels. Furthermore, other factors
642 than those regulating MASP-3 may fit in the present scenario, where MAp44
643 levels are higher in controls, compared to patients, and in non-lepromatous
644  patients, compared to the more severely affected lepromatous patients.

645 Beside GC_CCG, the haplotypes GT_CTG and GT_GTG also present
646 at least an additive effect increasing almost twice susceptibility to the disease.
647 They were not associated with protein levels, although harboring the
648  rs1109452*T polymorphism, found associated with higher MASP-1 and lower
649 MAp44 levels. Thus, protein levels shall not be held solely responsible for the
650 association of MASP1 products with the disease. Beside the pleiotropic nature
651 of the MASP1 gene itself, the investigated polymorphisms may have effects
652 far beyond those affecting MASP1, and other variants linked with those that
653 compose the associated haplotypes, may present epistatic and/or
654  unsuspected pleiotropic effects that affect susceptibility to the disease. In fact,
655 the variants investigated in this study have been recently associated with
656 expression levels of neighboring genes as the ribosomal protein-encoding
657 gene RPL39L and the odorant receptor transporters RTP1, RTP3 and RTP4
658  (https://gtexportal.org/home/gene/MASP1 and Immunpop browser). Among

659 them, RTP4 is strongly up-regulated by interferon |, a cytokine known to
660 suppress an adequate cellular response driven by interferon type Il against M.
661 leprae (59).

662 Thus, MASP-3/MAp44 blockage of the lectin pathway may not be the

663 only explanation for resistance, since expression levels of neighboring genes
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may be regulated by noncoding polymorphisms investigated in this study.
Although interpreting the evidence is not straghtforward, it certainly fosters
more investigations on the role played by MASP1 products in the resitance
against mycobacterial infections and its more severe forms. In particular,
MASP-3 and MAp44 may be evaluated as new therapeutic agents against

leprosy infection and against polarization to lepromatous disease.
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S1 Fig: Correlations between MASP-1, MASP-3 and MAp44 serum levels in leprosy
patients (A-B) and healthy controls (C-D)

Linear regression fit, P and R values are shown.

S$1 Table. Masp-1, Masp-3 and MAp44 levels in patients an controls.
n: number of individuals; *: mean protein levels in ug/mL showing: median[IQR] **Levels
confering protection against Leprosy infection. Within brackets: minimum and maximal

values. 2: Patients presenting all other forms except Lepromatous and Non-specified
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