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ABSTRACT Neurocysticercosis is caused by the establishment of Taenia solium cysts
in the central nervous system. Murine cysticercosis by Taenia crassiceps is a useful
model of cysticercosis in which the complement component 5 (C5) has been linked
to infection resistance/permissiveness. This work aimed to study the possible rele-
vance for human neurocysticercosis of single nucleotide polymorphisms (SNPs) in
the C5-TRAF1 region (rs17611 C/T, rs992670 G/A, rs25681 G/A, rs10818488 A/G, and
rs3761847 G/A) in a Mexican population and associated with clinical and radiological
traits related to neurocysticercosis severity (cell count in the cerebrospinal fluid [CSF
cellularity], parasite location and parasite load in the brain, parasite degenerating
stage, and epilepsy). The AG genotype of the rs3761847 SNP showed a tendency to
associate with multiple brain parasites, while the CT and GG genotypes of the
rs17611 and rs3761847 SNPs, respectively, showed a tendency to associate with low
CSF cellularity. The rs3761847 SNP was associated with epilepsy under a dominant
model, whereas rs10818488 was associated with CSF cellularity and parasite load un-
der dominant and recessive models, respectively. For haplotypes, C5- and the TRAFI-
associated SNPs were, respectively, in strong linkage disequilibrium with each other;
thus, these haplotypes were studied independently. For C5 SNPs, carrying the CAA
haplotype increases the risk of showing high CSF cellularity 3-fold and the risk of
having extraparenchymal parasites 4-fold, two conditions that are related to severe
disease. For TRAF1 SNPs, the GA and AG haplotypes were associated with CSF cellu-
larity, and the AG haplotype was associated with epilepsy. Overall, these findings
support the clear participation of C5 and TRAFT in the risk of developing severe neu-
rocysticercosis in the Mexican population.

KEYWORDS neurocysticercosis, genetic polymorphism, C5 complement, TRAF1,
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uman neurocysticercosis (NCC) is caused by the establishment of the larval stage

of Taenia solium in the central nervous system (CNS); it is a prevalent infectious
disease in nondeveloped countries of Asia, Africa, and Latin America (1). NCC is a
clinically and radiologically pleomorphic disease. Indeed, some infected subjects can be
completely asymptomatic, while others exhibit a severe, acute, life-threatening clinical
picture (2, 3). This variability has been linked to radiological heterogeneity, i.e., differ-
ences in parasite load and parasite location in the CNS, and to the various degenerating
stages of parasites (4). Seizures are the most frequent sign of NCC, and it is a significant
contributor to late-onset epilepsy in tropical regions worldwide according to a recent
meta-analysis study (5). Among the factors involved in the clinical and radiological
heterogeneity of NCC, those related to the host immunoinflammatory and endocrino-
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logical response have been found to play a role in the pathogenesis of the disease
(6-8), and previous studies have demonstrated the relevance of the host genetic
background in modulating these factors (9-12).

Particularly, the participation of the complement component 5 (C5) in the early
protective inflammatory response was observed in murine cysticercosis by Taenia
crassiceps (10). The complement system is an innate immune component with a
prominent role in modulating the inflammatory response against several sterile and
nonsterile pathological conditions (13). The complement system is comprised of more
than 30 proteins, from which the fragments C3a, C4a, and C5a act as anaphylatoxins
and chemotactic factors, triggering inflammation. C5 gene polymorphisms have been
found associated with chronic inflammatory diseases such as bronchial asthma, rheu-
matoid arthritis, liver fibrosis, periodontitis, and stroke (14-17). The role of complement
in the outcome of neuroinflammation in sterile and nonsterile conditions has been
widely studied and recently reviewed (18). Indeed, the complement system, especially
the C5a fragment, plays an important role in some neuropathologies closely related to
inflammation. C5 mice and C5 receptor (C5aR) knockout mice or mice therapeutically
treated with specific antibodies against either C5 or C5aR showed a notable improve-
ment in neurological disorders like traumatic brain injury, spinal cord injury, and
Alzheimer’s disease (19-21). Until now, no study has evaluated the levels of C5 or C5a
in NCC. Proximal to C5 is the TRAF1 gene, which codes for the tumor necrosis factor
receptor (TNFR)-associated factor 1 (TRAF1); this protein associates with and mediates
the signal transduction of various receptors of the TNFR superfamily. TRAF1 plays a key
role in the prosurvival downstream signaling of TNFR superfamily members such as
TNFR2, LMP1, 4-1BB, and CD40; in addition, an independent role of the tumor necrosis
factor (TNF) receptor was proposed as a negative regulator of the Toll-like receptor
(TLR) and Nod-like receptor signaling pathways (22). TRAF1 is an essential molecule of
the TNF signaling cascade, promoting the expression of inflammatory cytokines such as
TNF-a through the NF-kB pathway (22), and it was recently suggested to have a
regulatory influence on the expression of C5 (23). Single nucleotide polymorphisms
(SNPs) of the TRAFT region have been associated with inflammation in rheumatoid
arthritis (24). Considering this, three C5 and two TRAF1 SNPs, the most widely studied
SNPs in these regions, were studied here to evaluate the contribution of their alleles,
genotypes, and haplotypes to the clinical and radiological heterogeneity of NCC in a
Mexican population, in which their significance for NCC has not been yet defined.

RESULTS

General traits of NCC patients. All patients included met the most recently
validated NCC diagnosis criteria (25). The demographic and clinical-radiological char-
acteristics of the patients enrolled are shown in Table 1. Since our study aimed to
evaluate genetic factors associated with parasite location and degenerating stage,
patients with mixed parasite locations and/or parasite degenerating stages were
excluded from the study.

Genotypic and allelic frequencies of the five SNPs studied in all NCC patients were
compared to the information reported for the Mexican migrant population in Los
Angeles (MXL) in the HapMap project (see Fig. S1 in the supplemental material). As
shown, a heterozygous genotype was the most frequent finding in both populations
except for rs3761847, for which AA was the most frequent genotype in NCC patients,
with a similar frequency to the heterozygous (44.49 versus 41.52). With respect to allele
frequency, our results agree with the HapMap study except for the rs25681 SNP, for
which we found a higher frequency of the allele A, while the HapMap study reported
a higher frequency of the allele G.

Allele and genotype frequencies of C5 and TRAF1 SNPs and association with
susceptibility to develop a severe disease. Tables S1 to S5 show the genotype and
allele frequencies of the five SNPs studied for each disease-related variable (parasite
location, parasite load, cerebrospinal fluid [CSF] cellularity, parasite degenerating stage,
and epilepsy), along with the results of the Hardy-Weinberg equilibrium (HWE) test. A
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TABLE 1 Dichotomized clinical and radiological traits of NCC patients included in this study

Trait Category? n
Sex Male 110
Female 1M1
Parasite degenerating stage Vesicular (viable) 95
Colloidal or calcified (damaged) 82
Mixed or ND 44
Parasite load in the brain Single 67
Multiple 154
Parasite location in the brain Parenchymal 920
Extraparenchymal 123
Cell count in CSF (CSF cellularity) High, >15/ml 85
Low, <15/ml 113
ND 23
Epilepsy Yes 101
No 84
Unknown 36

aND, not determined; 1, not included in SNP analysis.

deviation of the HWE test was observed in the C5 rs17611 SNP with respect to parasite
load, parasite location in the brain, CSF cellularity, and epilepsy, while a deviation in the
HWE was observed in the C5 rs992670 and TRAF1 rs3761847 SNPs with respect to
parasite load only.

The effect of each SNP on the disease was evaluated by regression analysis on
individual genotypic variants (Tables S6 to S10) and under two genetic models of
inheritance (dominant and recessive) (Table S11). Odds ratio (OR) data and P values of
the frequency of association of the SNPs are shown. The phenotypes associated with
increased inflammation are extraparenchymal location, multiple brain parasites in the
degenerating state, and a CSF cellularity of >15 cells/ml. As observed, none of the
individual SNPs was found to be associated with the risk of having parenchymal or
extraparenchymal NCC, with the risk of having vesicular or damaged parasites, or with
the risk of suffering epilepsy (P > 0.05; Tables S6, S9, and S10, respectively). Although
the AG genotype of the TRAFT rs3761847 SNP showed a slight tendency to associate
with multiple brain parasites (Table S7), in this variable only age was statistically
significant (P < 0.05). The CT and GG genotypes of the C5 (rs17611) and TRAF1
rs3761847 SNPs, respectively, showed a tendency toward association with low CSF
cellularity (Table S8), with a statistically significant effect for sex as a covariate of these
SNPs (P < 0.05), but not for age, since a higher inflammatory CSF was found in women
(P < 0.05). According to the analysis of the effect of these SNPs under two inheritance
models, the TRAFT rs10818488 (A/G) SNPs have a strong tendency toward association
at the limit of significance (P = 0.0511) with the parasite location in the brains of NCC
patients in a recessive model. In a dominant model, this SNP was significantly associ-
ated with CSF cellularity (P < 0.05) and showed a tendency to associate with epilepsy
(P = 0.096). Meanwhile, the TRAF1 rs3761847 (A/G) SNP was found to be significantly
associated with epilepsy (P = 0.018) in a dominant model and showed a tendency
toward association with CSF cellularity (P = 0.085). No association of the three C5 SNPs
studied was found with any clinical-radiological trait of NCC patients (Table S11).

C5 and TRAF1 haplotypes and their association with disease severity. As shown
in Fig. 1, two haplotype groups were constructed, one for C5 SNPs and the other for
TRAF1 SNPs. No linkage disequilibrium (LD) was found between TRAFT and C5 haplo-
types. The highest disequilibrium was found among C5 SNPs (D" = 0.94).

The most common haplotypes in NCC patients for C5 were TAA (51.41%) and CGG
(35.3%); CAA, CGA, CAG, and TGA were also present at a very low frequency (3.7, 3.1, 1.2,
and 1.15%, respectively). For TRAF1, AG and GA were the most frequent haplotypes
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of Parasite Parasite

Block 1 (14 kb) Block 2 (12 kb) Cellularity parasites location stage Epilepsy

Dt D D D DI
rs17611 rs25681 09 71 095 81 092 73 093 77 0.96 78
rs25681 rs992670 0.91 72 089 73 091 72 094 77 0.94 78
rs17611 rs992670 0.92 65 095 75 094 68 095 72 0.95 68
rs10818488 rs3761847 0.88 73 0.81 65 086 73 089 74 0.85 70

C €5 Haplotypes Frequency (%) = TRAF1 Haplotypes Frequency (%)
TAA 51.41
CGG 35.30 AG 60.527
CAA 3.68 GA 29.222
CGA 341 AA 3.604
CAG 1.18 GG 2.734
TGA 1.15
TAG 0.69
TGG 0.44

FIG 1 Representative pairwise linkage disequilibrium (LD) in the C5/TRAF1 region for CSF cellularity. Three single C5 SNPs and two TRAF1 SNPs
were analyzed in this study. An LD test was performed using HAPLOVIEW v4.2. The relative location of each SNP along chromosome 9 is shown.
(A) Diamonds in haplotype blocks represent the pairwise linkage disequilibrium between all SNPs analyzed. As shown, two blocks were
constructed: one for C5 SNPs and the other for TRAFT SNPs. (B) D’ and r? values for each comparison (cellularity, parasite degenerating state,
number and location of brain parasites, and epilepsy). (C) Frequency of the constructed haplotypes for C5 in NCC patients. (D) Frequency of the
constructed haplotypes for TRAFT in NCC patients.

(60.53 and 29.22%, respectively), while the least frequent haplotypes were AA and GG,
at 3.6 and 2.7% frequencies, respectively (Fig. 1). Associations of SNP haplotypes with
disease severity in NCC patients were obtained using SNP analyzer software (26).
Among C5 haplotypes, CAA was significantly associated with parasite location in the
brain, CSF cellularity, and epilepsy in both additive and dominant inheritance models
(Fig. 2, 3, and 4, respectively). The TGA haplotype was significantly associated with CSF
cellularity, but only in an additive inheritance model (Fig. 3). With respect to TRAF1
haplotypes, GA was found to be significantly associated with CSF cellularity in both
additive and dominant inheritance models (Fig. 5), whereas the haplotype AG was
significantly associated with CSF cellularity in additive and recessive inheritance models
and with epilepsy in additive and dominant inheritance models (Fig. 5 and 6, respec-
tively). None of the C5 haplotypes was significantly associated with parasite degener-
ating stage or parasite load in the brain, whereas no TRAF1 haplotypes were signifi-
cantly associated with parasite load, parasite degenerating stage, or parasite location in
the brain (data not shown).

DISCUSSION

Neurocysticercosis, due to the establishment of T. solium cysticerci in the CNS, is a
clinically and radiologically heterogeneous disease. Symptoms vary from headaches to
severe intracranial hypertension; at a radiological level, the number, location, and
degenerating stage of brain parasites are highly variable among patients (4). Hetero-
geneity in the intensity of the inflammatory reaction is also frequent, and a clear
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A
Frequency of C5 haplotypes in NC patients with parasites
located in
C5 haplotypes Parenchyma, N (%) Extra-Parenchyma, N(%)
Total number: 182 Total Number:245
TAA 95(52.2) 124 (50.6)
CGG 71(39.0) 88(35.9)
CGA 6(3.3) 8(3.3)
CAG 3(1.6) 2(0.08)
CAA 3(1.6) 14(5.7)
TGA 2(1.1) 3(1.22)
TGG 1(0.05) 4(1.6)
TAG 1(0.05) 2(0.08)
Statistical Analysis under three models of inheritance
B .. c .
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OR 1.00 0.52 373 102 0.76 0.51 115 154 OR 0.90 0.95 3.90 102 0.50 0.50 154 0.76
Cl 0.68-1.46 0.62-1.36 1.06-13.2 0.35-3.0 0.15-3.8 0.08-3.06 0.19-6.96 0.14-17.1 a 0.50-1.61 055-164 11-140 034-3.06 0.08-3.07 0.08-3.07 0.14-17.25 0.05-12.4
lz 0.00 0.17 4.77 0.00 0.01 0.09 0.09 0.05 12 0.13 0.03 497 0.00 0.09 0.09 0.05 0.28
CS haplotypes C5 haplotypes
D 2 Recessive
T 16 -
2
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TAA CGG CAA CGA CAG TGA TAG TGG
OR 1.11 0.79 - 0 0.76
a 0.62-20  036-1.74 0.05-12.4
r 0.13 033 - 1 0.28
C5 haplotypes

FIG 2 Association of C5 constructed haplotypes with parasite location in NCC patients (parenchymal versus extraparenchymal). (A) The absolute numbers and
percentage values of each haplotype for patients with parenchymal and extraparenchymal brain parasites are shown. Graphs were generated using the SNP
analyzer software. The graphs show the statistical association of the generated C5 haplotypes with parasite location for three inheritance models (B, additive;
C, dominant; and D, recessive). P values are graphed as the —log,, P and are represented in the y axis. The horizontal line in each model represents the
significance level (P = 0.05). x2, OR, and confidence interval values are shown under each haplotype.

relationship between increased inflammation and the destruction of parenchymal
parasites has been observed (4). In addition, an association between degenerated
parasites and the occurrence of symptomatic seizures has been clearly described
(27, 28).

The host genetic background has been reported to participate in the clinical and
radiological heterogeneity of NCC. Polymorphisms in the gene coding for the Toll-like
receptor 4 (TLR4) were found associated with calcified parasites and seizure occurrence;
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A Frequency of C5 haplotypes in NC patients with high and
low CSF cellularity
C5 haplotypes Low, N (%) High, N(%)
Total number: 271 Total Number:172
TAA 145 (53.5) 92 (53.5)
CGG 107 (39.48) 56(32.6)
CAA 6(2.21) 11(6.4)
CGA 8(2.95) 6(3.5)
CAG 5(1.84) 0
TGA 0 5(2.9)
TAG 0 2(1.1)
Statistical Analysis under three models of inheritance
B - c ,.
Additive Dominant
16 1 16 -
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[
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S 08+ "5 08 -
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TAA CGG CAA CGA CAG TGA TAG TGG TAA CGG CAA CGA CAG TGA TAG TGG
OR 1.05 0.77 3.09 1.22 0.00 0.00 3.25 0.00 OR 0.83 0.78 3.24 1.23 0.00 0.00 1.62 0.00
Cl 0.72-15 0.5-1.1 1.1-8.5 041-357 0-0 0-0 0.3-36.1 0-0 a 046-14 046-13 1.15-9.1 041-3.7 0-0 0-0 0.1-26.25 0-0
xz 0.06 163 523 013 171 573 0.18 0.15 xz 041 0.81 5.44 0.13 1.73 2.61 0.15 0.15
C5 haplotypes C5 haplotypes
D 2 1
Recessive
16 -
o
3
8 124
2
& o8
3
04 -
o]
TAA CGG CAA CGA CAG TGA TAG TGG
OR 1.34 0.58 0.00  0.00 0.00 0.00  0.00  0.00
C'z 0.76-2.37 0.24-1.36_0-0 _ 0-0 0-0 0-0 0-0 0-0
x 1.02 1.60 -1.00  -1.00  -1.00 115  0.06  -1.00
C5 haplotypes

FIG 3 Association of C5 constructed haplotypes with CSF cellularity. (A) The absolute numbers and percentage values of each C5 generated haplotype for
patients with high and low CSF cellularity values are shown. Graphs were generated using the SNP analyzer software. The graphs show the statistical association
of the generated C5 haplotypes with parasite location for three inheritance models (B, additive; C, dominant; and D, recessive). P values are graphed as the
—log,, P and are represented in the y axis. The horizontal line in each model represents the significance level (P = 0.05). x2, OR, and confidence interval values
are shown under each haplotype.

polymorphisms in the gene coding for matrix metalloproteinase-9 (MMP-9) were
associated with calcified parasites (9), and polymorphisms in the gene coding for the
intercellular adhesion molecule 1 (ICAM-T1) were linked with brain edema (11).

The genes TRAFT and C5 are associated with the immunoinflammatory response,
and the selected SNPs have been found to be associated with the inflammatory
reaction in several diseases (14, 16, 17, 29, 30). In addition, in a previous study on the
murine model of cysticercosis by T. crassiceps, the C5 gene was associated with
susceptibility to the infection (10). Since inflammation is one of the main clinical
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A Frequency of C5 haplotypes in epileptic and non-epileptic NC patients
C5 haplotypes Non-epileptic, N (%) Epileptic, N(%)
Total number: 202 Total Number: 164
TAA 105(51.9) 84(52.4)
CGG 66(32.5) 64(39.1)
CAA 13(6.4) 2(3.1)
CGA 8(4.03) 5(1.16)
CAG 2(1.1) 1(0.66)
TGA 1(0.53) 0
TGG 1(0.52) 1(0.61)
TAG 0 2(0.62)
Statistical Analysis under three models of inheritance
25 - C 254
Additive Dominant
2 2
o
3
1.5 S 154
L
1 g? 1 -
=
0.5 4 0.5 H
. 1 - 1 o LI 1 - I
TAA CGG CAA CGA CAG 1GG TGA TAG TAA CGG CAA CGA CAG TGG TGA TAG
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Cl _066-15 0.851.99 0.04-0.8 0.24-2.32 0.05-67 0.07-194 00 0.0 a 0/67:278/0.79-2.6/0.08:075/0.25-254'005:67 0.07-196 00 00
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D 2s-
Recessive
2 -
T 15
3
[
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2 14
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S
O 0.5 A
NinE
TAA CGG CAA CGA CAG TGG TGA TAG
OR 0.8 14 0.0 0.0 0.0 0.0 0.0 0.0
cl 0.45-1.56 0.57-3.3 0.0 0.0 0.0 0.0 0.0 0.0
12 0.3 0.5 -1.0 -1.0 -1.0 -1.0 -1.0 -1.0

C5 haplotypes

FIG 4 Association of C5 constructed haplotypes with epilepsy presentation. (A) The absolute numbers and percentage values of each C5 generated haplotype
for epileptic and nonepileptic patients are shown. Graphs were generated using the SNP analyzer software. The graphs show the statistical association of the
generated C5 haplotypes with parasite location for three inheritance models (B, additive; C, dominant; and D, recessive). P values are graphed as the —log,,
P and are represented in the y axis. The horizontal line in each model represents the significance level (P = 0.05). x2, OR, and confidence interval values are
shown under each haplotype.
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A

Frequency of TRAF1 /C5 haplotypes in NC patients with high and
low number of cells in the CSF

TRAF1 haplotypes Low, N (%) High, N(%)
Total number: 274 Total Number: 169
GA 162 (59.12) 117 (69.2)
AG 94 (34.3) 41(24.3)
AA 8(2.9) 3(1.8)
GG 10(3.6) 8(4.7)
Statistical Analysis under three models of inheritance
B 24 Additive C . Dominant
16 - 16 -
o
3
1.2 4 g 12 -
-
0.8 - & 08
S
04 04 -
0 - o]
AG GA AA GG AG GA AA GG
OR 1.49 0.61 1.64 0.32 OR 1.49 0.57 1.23 0.39
cl 1.0-2.2 0.4-0.94 0.61-4.46 0.07-1.45 a 0.71-3.1 0.33-0.97 0.41-3.66 0.08-1.88
L2 4.05 5.04 0.97 1.58 1 112 4.27 0.13 0.78
TRAF1/C5 haplotypes TRAF1/C5 haplotypes
D 27 Recessive
16
12 A
0.8 -
04 -
0 =
AG GA AA GG
OR 1.76 0.47 0.00 0.00
a 1.02-3.04 0.17-1.34 0-0 0-0
y 4 4.19 2.04 1.15 0.15

TRAF1/C5 haplotypes

FIG 5 Association of TRAF1/C5 constructed haplotypes with CSF cellularity. (A) The absolute numbers and percentage values of each C5 generated haplotype
for patients with high and low CSF cellularity values are shown. Graphs were generated using the SNP analyzer software. The graphs show the statistical
association of the generated TRAFT haplotypes with parasite location for three inheritance models (B, additive; C, dominant; and D, recessive). P values are
graphed the as —log,, P and are represented in the y axis. The horizontal line in each model represents the significance level (P = 0.05). x2, OR, and confidence
interval values are shown under each haplotype.

manifestations of symptomatic NCC, the relationship between five SNPs in the TRAFT
region and NCC severity in Mexican patients was studied here.

None of the three C5 SNPs under study was found to be significantly associated with
the clinical and radiological traits of NCC patients. A tendency toward association was

found between the CT genotype of the r
significant association of the C5 SNPs

s17611 SNP and a low CSF cellularity level. No
was found in either dominant or recessive

inheritance models. A joint contribution of these three C5 SNPs has been found only in

one study on the human inflammatory
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A Frequency of TRAF1 /C5 haplotypes in epileptic and non-epileptic NC
patients
TRAF1/C5 Non-epileptic, N (%) Epileptic, N (%)
haplotypes Total number: 190 Total Number: 164
GA 127 (66.8) 92(56.1)
AG 51(26.8) 59(36.0)
AA 8(4.2) 7(4.2)
GG 4(2.1) 6(3.6)
Statistical Analysis under three models of inheritance
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a 0.47-1.08 1.02-2.5 0.3-2.6 0.62-7.5 ca 0.38-1.68 1.10-3.6 0.26-2.78 0.4-5.9
e 2.5 4.27 0.04 0.86 12 0.36 5.27 0.07 0.08

TRAF1/C5 haplotypes

TRAF1/C5 haplotypes

D 1.8 1
Recessive
16
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— 12 -
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>
o 038 -
o
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g 04 -
02 o
0
GA AG AA GG
OR 0.57 1.39 1.21 0
a 0.31-1.06 0.51-3.8 0.07-19.6 00.714
12 3.24 0.43 0.34

TRAF1/C5 haplotypes

FIG 6 Association of TRAF1/C5 constructed haplotypes with epilepsy presentation. (A) The absolute numbers and percentage values of each C5 generated
haplotype for epileptic and nonepileptic patients are shown. Graphs were generated using the SNP analyzer software. The graphs show the statistical
association of the generated TRAFT haplotypes with parasite location for three inheritance models (B, additive; C, dominant; and D, recessive). P values are
graphed as the —log,, P and are represented in the y axis. The horizontal line in each model represents the significance level (P = 0.05). x2, OR, and confidence

interval values are shown under each haplotype.

patients from Hong Kong (29). From these three C5 SNPs, the most widely studied
one in inflammatory diseases is rs17611, which is related to C5 serum levels in these
patients (31). Considering the relevance of C5 in murine cysticercosis (10), it could be
hypothesized that these SNPs are involved in the success of infection rather than in the
clinical and radiological status of NCC patients. The involvement of C5 in the innate
immunity against Taenia taeniaeformis supports this possibility (32). In addition, several
cestodes, including Echinococcus multilocularis and T. crassiceps, are known to be
damaged by the complement system (33, 34). Considering this, further family studies
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(parents and NCC children) will be required to evaluate the role of these C5 SNPs in the
risk of acquiring the infection. However, the relevance of these C5 SNPs for disease
severity cannot be ruled out, and the lack of association observed here may be due to
the small sample size.

TRAF1 SNPs made a greater contribution to the clinical and radiological traits of NCC
patients than C5 SNPs. Indeed, the AG genotype of the rs3761847 SNP showed a
tendency toward association with multiple brain parasites and CSF cellularity. This SNP
showed a tendency toward association with CSF cellularity and a significant association
with epilepsy under a dominant model of inheritance (Table S11). None of the clinical
and radiological NCC traits that have been reported to underlie epilepsy development,
such as degenerating parasites and a parenchymal parasite location, were found
significantly associated with this SNP. These findings indicate that epilepsy in NCC
patients is a complex phenomenon that may be related to several factors beyond
parasite location and degenerating state. The TRAF7 rs10818488 (A/G) SNP has a strong
tendency toward association, at the limit of significance (P = 0.051), with parasite
location in the brain of NCC patients in a recessive model of inheritance and with CSF
cellularity (P = 0.022) in a dominant model of inheritance, although with low OR values,
accounting for the low relevance of this SNP in the evolution of the disease, as shown
in Table S11.

TRAF1 is a member of the TNF receptor family that participates in several signaling
pathways, especially in NF-«B signaling, which promotes the expression of inflamma-
tory cytokines such as TNF-a (22) and regulates leukocyte recruitment to inflamed
tissues (35); this could explain the relationship of the rs10818488 SNP with CSF
cellularity. In addition, TRAF1 forms a heterodimeric complex with TRAF2, required for
the activation of the TNF-a, MAPK8/JNK, and NF-«kB signaling pathways, thus promot-
ing an inflammatory response, but also required to inhibit proapoptotic proteins, thus
mediating antiapoptotic signals of TNF receptors (36, 37). In swine NCC, TNF-« has been
detected in the fluid surrounding degenerating cysts, a condition associated with
symptomatic NCC that causes additional damage to host tissues and hence may
contribute to the pathology in NCC (38). Also, higher TNF-a levels were found in
symptomatic NCC patients than in healthy controls and asymptomatic NCC individuals
(39). Finally, a TNF-a blockade suppresses pericystic inflammation after antihelminthic
treatment in swine NCC (40). All of these findings highlight the relevance of TNF-« in
promoting inflammation. The two TRAF1 SNPs here studied have not been reported to
increase the levels of TNF-, and only correlations with the production of autoanti-
bodies have been observed. However, since TRAFT modulates the expression of inflam-
matory cytokines, it is possible that it can contribute to the expression of TNF-a.
Recently, TRAF1 was proved to be an adapter that negatively regulates TLRs (41).
Previous studies failed to show an association of the TNF (-238G/A) SNP (42) or the TLR4
(Asp299Gly) SNP (9) with parasite infection and its clinical evolution. These findings
point out the relevance of studying the joint contribution of TRAF7 and TLR4 SNPs in the
same population sample.

In previous studies of rheumatoid arthritis, high LD values were found between the
TRAFT and C5 genes, a result that precluded the determination of which of these two
genes is responsible for the exacerbated inflammatory response (43). However, an LD
of <78 between both genes was found in our study, a value like that reported by
Kurreeman et al. for these genes (16). Thus, it is possible to analyze these two genes
separately. From the five SNPs studied here two haplotype groups were constructed,
one for C5 and one for TRAFT SNPs. Among C5 SNPs, the two with the highest frequency
in our Mexican population were TAA (51.41%) and CGG (35.30%), followed by the CAA
haplotype, with a frequency of only 3.68%. The CAA haplotype was significantly
associated with parasite location, CSF cellularity, and epilepsy; its expression was higher
in patients with extraparenchymal parasites, patients who showed high CSF cellularity
levels, and patients without epilepsy, although the latter with a very low OR (0.2 in both
dominant and additive models). Thus, although individual C5 SNPs were not related to
disease severity, an overall contribution of the C5 SNPs was found when haplotypes
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were considered. Nevertheless, these results should be replicated in other NCC popu-
lations.

Our data show a more severe inflammatory disease in the small population that
carries the CAA haplotype; indeed, carrying this haplotype increased by three times the
risk of showing high CSF cellularity levels (OR = 3.09 and 3.24 for the additive and
dominant models, respectively). This haplotype also increased by almost four times the
risk of having parasites located in extraparenchymal regions of the brain (OR = 3.73
and 3.90 for the additive and dominant models, respectively). Both conditions are
clearly linked with severe disease. With respect to TRAFT haplotypes, AG was the most
common haplotype in the NCC patients included (60.52%), followed by the GA haplo-
type (29.22%). Although GA was significantly associated with high CSF cellularity, the
risk is very low (OR = 0.61 and 0.57 for the additive and dominant models); a similar
situation was observed when the analysis was performed on patients with high CSF
cellularity levels and suffering from epilepsy, in whom a tendency toward association
of the AG haplotype was found in the dominant model, although with a very low risk
(P = 0.071, OR = 0.37). Meanwhile, the AG haplotype increased by 1.5 to 2.0 times the
risk of having a low CSF cellularity level but suffering from epilepsy. However, the
number of patients included for these analyses is very low, and a larger patient sample
is required to evaluate the participation of these haplotypes in the development of
epilepsy along with an inflammatory status or extraparenchymal parasites along with
an inflammatory status. However, other factors beyond the expression of inflammatory
genes could be influencing the clinical profile of patients, such as a genetic predispo-
sition to develop epilepsy or physiological/anatomical conditions that favor epilepsy.

The possible contribution of these genetic variants in the C5 and TRAFT regions to
the severity of NCC, considering the functions of the C5 and TRAF1 proteins, is depicted
in Fig. 7. As proposed in the figure, the complement cascade can be activated by the
parasite, rendering C5a and C5b (as previously described for other cestodes). As an
anaphylatoxin, C5a promotes mastocyte degranulation and the release of histamine,
which activates the endothelial cells of the blood-brain barrier (BBB), favoring the
recruitment of peripheral blood mononuclear cells into the CNS, a process also pro-
moted by the chemotactic activity of C5a. On the other hand, C5b, together with C6,
C7, €8, and (9, forms the membrane attack complex, which may affect both the
oncosphere and larvae before and after entering the CNS. On the other hand, TNF-«
may trigger the TNFR2 signaling pathway, involving the participation of TRAF1 with the
expression of inflammatory cytokines like TNF-«, which also increase BBB permeability.
Further studies will be conducted to evaluate the levels of C5, C5a, and TNF-« in these
NCC patients to support this hypothetical picture.

Finally, the joint contribution of the already reported SNPs that have been found to
be related to infection and disease severity (such as TLR4, MMP-9, and ICAMT), along
with those reported in this study, could set a genetic marker to predict how an
individual would respond to infection by T. solium and the evolution of the disease to
establish personalized clinical treatments.

MATERIALS AND METHODS

Population under study and characterization of NCC cases. All of the patients included in this
study met the most recently validated NCC diagnosis criteria (25). All subjects were Mexicans who
attended the NCC outpatient clinic at the Instituto Nacional de Neurologia y Neurocirugia (INNN), Mexico
City, Mexico, from January 2009 to May 2016 (700 patients in total). Written informed consent was
obtained from all participants, and the protocol was approved by the INNN Ethics and Research
Committee. Patients came from rural communities, as well as from urban and suburban areas of Mexico.
For this study, 221 patients (of 700 total) were recruited, and a DNA sample was obtained. Of these 221
patients, 111 were females, and 110 were males, with ages ranging from 17 to 74years (mean,
37.8 = 13.84 years old). Complete clinical-radiological records could not be recovered for all patients. The
confirmatory diagnosis of NCC was based on computed tomography (CT) and magnetic resonance
imaging (MRI); all images were interpreted and analyzed by a medical specialist.

The radiological presentation of NCC was evaluated at the time of diagnosis, before treatment. Based
on CT and/or MRI findings, parasite degenerating stages were defined as vesicular (parasites with a
transparent membrane, clear vesicular fluid, and scarce surrounding inflammatory reaction) or damaged
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of the complement.

parasites, including colloidal (degenerating parasites with turbid fluid, surrounded by an inflammatory
reaction) and calcified parasites (dead parasites that appear as a mineralized granuloma).

The following information was collected from clinical and radiological studies performed for each
NCC patient (provided by the medical doctor of the neurocysticercosis clinic) and dichotomized for SNP
analysis: number of lesions (single versus multiple cysts), cysticercal degenerating stages (vesicular versus
damaged), and CNS location (parenchymal versus extraparenchymal). To evaluate the intensity of the
CNS inflammatory reaction, CSF samples were taken by lumbar puncture to determine cell counts (CSF
cellularity); CSF samples were regarded as inflammatory when more than 15 cells/ml were counted. Data
on epilepsy were retrieved from clinical records.

Blood samples and DNA extraction. Portions (10 ml) of EDTA-treated peripheral blood were
collected; plasma and cells were separated, dispensed into aliquots, and stored at —70°C. DNA was
extracted from blood leukocytes using a DNeasy blood and tissue kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions. DNA was stored at —20°C until used.

SNP selection. Three C5 SNPs (rs17611, rs25681, and rs992670), one SNP of the TRAF1 intergenic
region (rs10818488), and one of the 5" untranslated regulatory region (5’ UTR) of TRAF1 (rs3761847) were
selected (Table 2), considering that these loci were previously identified in genetic linkage analyses as
involved with permissiveness to parasite growth in T. crassiceps murine cysticercosis (10) and participat-
ing in many inflammatory diseases. It should be noted that, according to the HapMap project and the
variations found in a Mexican population residing in Los Angeles, the changes considered for rs17611,
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TABLE 2 Information of the selected SNPs in the C5-TRAF1 region

Gene SNP no. Chromosome position (Chr9)¢ Location Base change MAF® (%)

(&) rs17611 123769200 Missense C/T T/49
rs25681 123780005 Intron A/G A/49
rs992670 123781770 Intron A/G G/43

TRAF1 rs10818488 123705087 5" UTR A/G A/41
rs3761847 123690239 Regulatory region A/G G/39

aThat is, the SNP position according to the NCBI database (https://www.ncbi.nIm.nih.gov/snp/) and the 1000 Genomes Project (http://phase3browser.1000genomes
.org/index.html).
bFrequency of the minor allele for the Mexican population residing in Los Angeles (MXL) (http://phase3browser.1000genomes.org/index.html).

rs25681, rs992670, rs3761847, and rs10818488 were C/T, A/G, A/G, A/G, and A/G, respectively (https://
www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). In addition, the minor allelic frequency of all
these SNPs was up to 40% in the Mexican migrant population of Los Angeles; this allelic frequency was
used as a reference since no previous studies on these SNPs have been conducted on the mestizo
Mexican population.

Genotyping C5 and TRAF1 SNPs. TRAF1 (rs10818488 and rs3761847) and C5 (rs17611, rs992670, and
rs25681) SNPs and their variations were detected by quantitative PCR using TagMan predesigned probes
(Applied Biosystems, Foster City, CA), i.e.,, C_11720402_10, C_2359571_10, C_2783709_10, C_2783655_10, and
C_2783640_10 for rs17611, rs992670, rs25681, rs10818488, and rs3761847, respectively. Briefly, 20 ng of DNA
containing 20X TagMan genotyping master mix (Applied Biosystems), including two fluorescent probes, was
used, along with allele-specific primers and AmpliTaq Gold DNA polymerase. The amplification conditions
were as follows: preincubation at 60°C for 30 s, incubation at 95°C for 10 min, followed by 40 two-step cycles,
one for denaturalization at 95°C for 15 s and another for hybridization-elongation at 60°C for 1 min. Data on
DNA quality or SNP amplification could not be obtained for all samples.

Statistical analysis. This study was designed to evaluate the relevance of three C5 and two TRAFT
SNPs to the severity of infection by T. solium in NCC patients with different clinical and radiological
presentations. All patients who attended the INNN in the period from 2011 to 2015 on whom radiological
and clinical studies were performed, who were diagnosed with NCC, and who met the inclusion criteria
(most radiological and clinical information available and access to biological material to obtain appro-
priate samples [>20 ng of DNA/sample with >90% integrity]) were included. A total of 221 NCC patients
of 700 met these inclusion criteria. The allele and genotype frequencies were determined, and an HWE
analysis of all studied SNP and haplotype frequencies was performed for dominant and recessive models
using SNP Analyzer 2.0 software (25). Haplotype construction and linkage disequilibrium (LD; D" > 0.8)
analysis were performed using HAPLOVIEW 4.2 (http://www.broad.mit.edu/mpg/haploview/). An associ-
ation between the severity of each of the studied SNPs and the relationship between the joint
contribution of the SNPs and the main clinical features of the disease was also evaluated using multiple
logistic regression adjusted for age and sex for the categorical response variables (number of parasites,
degenerating stage, and parasite location) and a general linear model for the continuous response
variables (CSF cellularity). These analyses were performed using SPSS software (IBM Statistics, v23.0.0).
Statistical significance was set at P < 0.05. The association of the C5 and TRAFT haplotypes with disease
severity was tested by Bayesian statistics for the dominant, recessive, and additive models using SNP
Analyzer 2.0.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/I1Al
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