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Encephabtozoon cuniculi, a spore-formmg obligate intracellular parasitic pathogen belonging to the phylum
Microsporidia, has a unique and highly specialized organelle called the polar tube. Using an enzyme immu-
nostaining-assay in which germmated E, cuniculi spores were coated onto plastxc surfaces, we tested healthy
and human immunodeficiency virus (HIV)-infected individuals in Japan for anti-polar tube antibodies of each
immunoglobulin (Ig) class. Anti-polar tube IgG was detected in just 4 of 380 healthy individuals; no anti-polar
tube IgA was detected in any individuals; however, unexpectedly, anti-polar tube IgM antibodies were detected
in 138 individuals (36%). When the healthy individuals were grouped by age, the highest rate of pesitivity to
anti-polar tube IgM antibodies was seen in individuals aged 20 years old or younger: Fifty-nine percent (24/41)
of the individuals aged 20 years or younger were anti-polar tube IgM .antibody positive. This rate terided to
-decrease among individuals in older age groups. However, no anti-polar tube IgM ‘antibodies were detected in
21 HIV-iirfected persoits who were younger than 30 years of age and who liad-CD4 cell levels below 250/pL
These seroepidémiological results clearly indicaté that circulating antl-polar tube IgM antibodies thiat aré -
cdpable of strongly rwctmg with filaments eéxtriided from geminated spores’ exist and Suggest that such

antibodles may play a part in protectlve 1mmumty

e

Encephalitozoon cuniculi is a microsporidian parasitic patho-
gen listed in a.1996 WHO report as an emerging infectious
agent (17): The pathogen is also considered a zoonotic parasite
(4). Various animals can bé naturally infected by E. cusiculi,
and its geographncal distribution js worldwide (3). Iii Japan,
cuniculi inféction in rabbits and in squirrel monkeys in zoos is
of current concern (1, 5). Thé rate of infection is consndered to
out Japan. However to the best of our knowledge, the’ Only
case of human mlcrospondlosxs reported in Japan was in a
9-year-old boy in 1958 (10). Although immunological condi-
tions of the Japanese case were fiot recorded, almost all other
patients infected with this pathogen in other. nations have been
1mmunocompromxsed grouips of human lmmunodeﬁClency vi-

rus (HIV)-infected patients (16) A few cases havé also beeri
found among renal transplant recipients (6, 11). E. cunicii can
thus be régarded as an opportunistic pathogen (2). Casés of
HIV-associated infections with E. cuniculi are increasingly re-
ported, although they remain less common than those due to
Encephalitozoon bieneusi and Encephalitozoon intestinalis (2).
Many reports on the séroprevalence of human E. cuniculi
infection have been published (3, 8). However, the reported
rates of microsporidial seropositivity vary greatly, depend-
ing on the setological technique used, probably due to the
use of antigens unsuitable for measurement of specific an-
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tibodies and the use of secondary antlbodles without differ-
ential specificities. -

Récently, specific immunoglobulin G- (IgG) antlbodles
against the polar tube (PT) of E. cuniculi were demon-
strated in a healthy laboratory worker accidentally infected
with E. cuniculi (14). The PT is a typical mncrospondlan spore
structuré with an extrusion that is essential for.invasion of a
host cell, as sporoplasm flows through the discharged PT and
into the host cgll (13).

.. We have recently developed an enzyme immunostaining as-
say (EIA) for measuring anti-E. cuniculi-PT antibodies using
96-well microplates coated with germinated - spores. - This
method allows us to scteeri human §érd for anti-PT artibodies
on a large scale for scroepldenuologml analysxs This_study
reports.on the screening of sera from 380 healthy persons and
78 HIV-infected persons seroepidemiologically analyzed by
this particular EIA, which is capable of measuring anti-PT
antibodies of each Ig class, that is, IgM, IgG, and IgA.

MATERIALS AND METHODS

Serum samples. For this study we used serum samples from 380 healthy
people living in Hokkaido Prefecture, Japan; serum samples from 180 residents
who underwent a serological test for parasitosis in 2000 but who showed negative
results; and serum samples from 200 blood donors collected in 2005.

Serum samples from 78 HIV-infected persons, collected in 1999 from the
Kanto region of Japan, were also provided for this study. These included sera
from 51 persons with CD4 cell levels below 250/ul and sera from 27 persons with
CD4 cell levels between 251 and 900/pl. The 51 persons in the former group were
of various ages, while the 27 persons in the latter group were younger than 30
years of age. Tests for HIV infection and determination of CD4 lymphocyte
couats were performed by standard laboratory protocols.

. E. cuniculi spores. For this study we used the E. cuniculi HF strain, isolated
from a rabbit with encephalitozoonosis. Strain HF was then cultivated in RK-13
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TABLE 1. Results of serological detection of anti-E. cuniculi PT antibodies in healthy residents, blood donors, and HIV-infected persons

No. (%°) of individuals with antibody titer of:

Subject gronp and antibody

<1/50 1/50 /100 1200 1/400 1/800 1/1,600 Total

Healthy residents

IgM 114 (633) 26 (14.4) 16 (8.9) 16 (8.9) 5(28) 317 0 180

1gG 177 3 0 0 0 0 0 180

IgA 180 0 0 0 0 0 0 180
Blood donors

IgM 128 (64) 29(145) 27 (13.5) 11 (5.5) 2(1.0) 2(1.0) 1(0.5) 200

1gG 199 0 0 0 0 0 1 200

IgA 200 0 0 0 0 0 0 200
HIV-infected persons with CD4 cell

counts below 250/pl

IgM 47 2 o1 1 0 0 0 51

IsG o 49. 0 1 1 0 0 0 51

IgA - 51 0 0 0 0 0 0 51

¢ Rates of positivity for anti-PT lgM antibodxs.

cells (ATCC CCL/37) (5). Culture supernatants of HF-infected RK-13 oclls were
collected, centrifuged, and used for serological tests.

Strain HF -was genetically analyzed beforehand by PCR, followed by direct -

"DNA sequencing. (1), The internal transcribed spacer gene sequence revealed
that strain HF was classified into genotype: L, since it contained three. GTTT
repeats. Sequence analysis of the spore wall protein I gene rcvealed that the

strain belonged to genotype Ia because of the ampliﬁcanon ofa 399—bp PCR .

product.

Microplate enzyme immunostaining assay. Sediments containing germinated
spores, nongerminated spores, and heavily infected cells detached from cell
sheets, were suspended in Gibco minimal essential medium including Earle’s
salts and glutamine (Invitrogen Corporatior, Grand Island, 'NY) and supple-
mented with 1,000 U/m! penicillin G, 1,000 pg/ml streptomycin,.and 10% fetal
bovine serum; this. medium was also used for cultures of RK-13 and BS-C-1
(ATCC CCL-26) cells, as described below. Approximately 4 X 10‘s free spores
(containing detached cells) were moculated into each well of a 96-well ‘flat
bottom microplate (high-binding po]ystyrenc, Corning lnoorporated, NY) and
cultured for 3 days at 35°C in an iricubator with 5% CO;;: Subsequently, the wells
were washed once with phosphate-buffered saline (PBS; pH 7.2) and fixed with
10% formalin in PBS for 1 h at room temperature (RT). . The wells were then
washed twice with PBS, treated with PBS containing 1% Tween 20 for 1 h at RT,
and washed twice with PBS. The wells were further treated with blocking buffer
(SuperBlock: Pierce, Rockford, IL) for 1 h at RT and were finally washed twice
with PBS. The plates with wells coated with more than 100 germinated spores per
well were then studied.

Twofold dilutions of cach serum sample were made by using PBS containing
0.05% Tween 20 (PBS-T), starting from a 1:50 dilution; 100 pl of ‘cach of the
dilutions was added to each coated well. The wells were incubated for 90 min at
RT and then wastied five times with 200 ul PBS-T. Subsequently, the wells were
incubated with 100'ul of the secondary antibody or protein A/G, incubated for 60
min at RT, and washed five times. with PBS-T. A 1:3,000 dilution of protein A/G
labeled with peroxidase (PO) (Prozyme Inc., San Leardro, CA), a 1:5,000 dilu-
tion of anti-human IgM (u-chain specific) labeled with PO (QED Bioscience
Inc., San Diego, CA), and a 1:3,000 dilution of anti-human IgA (Fc specific)
labeled with PO (Nordic Immunology, The Netherlands) were used to capture
1gG, IgM, and IgA antibodies, respectively. Finally, the signals of PO bound to
human Ig antibodies were visualized by using the substrate aminoethyl carbazole
(Zymed Laboratories Inc., San Francisco, CA), according to the manufacturer’s
instructions. After the wells were washed with pure water, the results were
observed with a light microscope. In this assay, only judgments on the serological
reactions to filaments extruded from germinated spores (i.c., PTs) were made,
while the reactions to the spore walls and the host cells were recorded as
reference data.

The concentrations of each secondary antibody, noted above, were determined
beforehand by using a dot immunoassay and the corresponding purified Ig. Sera
from rabbits with encephalitozoonosis were used as positive controls (5). PO-
labeled protein A/G was used for detection of rabbit IgG antibodies as the
secondary antibody.

BS-C-1 cells were infected with E. intestinalis (ATCC 5057) and E. hellem

" of Public Health and the Insmuuonal Review Boa.rd of the.

(ATCC 50451) ‘spores. The* multzm germmat.ed spores were mmmed by the -
-prooednm mentioned above.

.Ethical considerations. The prowcol for !lns study was appmved by the Com-
_mittee for Research on Human Subjects of the-National Institute of Infectious
Diseases; Tokyo, Japan. Written informed consent was obtained from the HIV-
positive sub;ects. The use of healthy mdcn ’ sera and. the usc.of blood donors

Blood Center, respectively. All sérur 'samples included i th:s'stndy were pro-
cessed to protect personal information. For all serum samples, the only spec:ﬁc
chmml information available was the sex, age, and health condition. i

* Statistical analysis. The sera of thi€ healthy residents and- biood donors were
‘each divided into six groups according to age. The relationship between- anti-PT
IgM prevalence-in each age group and the year of blood colléction (2000 for
healthy residents and 2005 for blood donors) was analyzed by.the Mantel
Haenszel method. The relauonshxp between increasing age and decreasmg rate
of positivity for anti-PT IgM antibodies in healthy sub;e(:ts (hcalxhyrwdems plus
blood donots) was analyzed by the Cochran-Armitage test. The statistical signif-
icance of the presence of anti-PT IgM antibodies by gender was determined by
the chx-square test. P values of <0.01. were considered statistically significant:
Excel Statistics 2006 software for Windows (relcase 6.7.1; Social Survey Research
Information Co. Ltd., Tokyo, Japan) was used for statistical analysis.

RESULTS

Table 1 summarizes the results of the EIA for the deteetlon
of anti-E. cuniculi PT antibodies in samples from hcalt.hy res-
idents, blood donors, and HIV-mfected persons. Antl-?l‘ IgG
antibodies were detected in only 3 of 180 serum samples from
healthy individuals; the titers were 1:50, which" was mgmﬁmntly
‘lower than those for the controls (naturally infected. rabbit
sera), which showed titers of 1:6,400 to 1. 102,400. When thc
200 donor serum samples were exammed by EIA, antl-E
cuniculi PT IgG antibodies were detected in only 1 serum
sample; the titer was 1:1,600, but the positive sngnals were
very weak even at the lower dilutions.

No anti-PT IgA antibody was detécted in any of the 380
serum samples with titers below 1:50. Furthermore, 2 of the 51
HIV-infected persons with CD4 cell levels below 250/l had
anti-PT IgG antibodies, and anti-PT IgA antibodies were not
detected in any of the 51 HIV-infected persons.

On the other hand, when the same serum samples described
above were examined for the presence or absence of anti-PT
IgM antibodies, the results were quite different from those for
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FIG. 1. Immunostaining of filaments (PTs) extruded from E. cuniculi-geminated spores with human IgM antibodies or rabbit IgG antibodies.
(A) Positive results obtained from the serum sample from donor 197 diluted 1:200. Note the strongly positive signals on the filaments extruded
from the germinated spores but the unstained spore walls. (B) Positive results obtained from a serum sample from a symptomatic rabbit with
natural E cuniculi infection diluted 1:400. Note the positive signals on the spore wall and the filament. Bars, 10 pm.

anti-PT IgG and IgA antibodies. Anti-PT IgM antibodies were
detected in 66 (36.7%) of the 180 serum samples from healthy
persons, which showed titers of 1:50 to 1:800; and in 72 (36%)
of the 200 serum samples from the blood donors, which
showed titers of 1:50 to 1:1,600. The reactivities of the I1gM
antibodies with filaments were considered to be typical of IgM,
because of the low titers (below 1:1,600), but the IgM antibod-
ies had stronger reactivities than the rabbit anti-E. cuniculi PT
IgG antibodies (Fig. 1A and B). The four serum samples from
healthy persons and donors with anti-PT IgG activities also had
anti-PT IgM activities.

By using almost the same procedures used for the EIA used
for detection of anti-E. cuniculi PT IgM antibodies, sera with
titers of more than 1:200 were examined for cross-reactions

with PTs of E. hellem and E. intestinalis; however, no antibody
activity against the filaments was detected (data not shown).
A decreasing trend in positivity rates for anti-PT IgM anti-
bodies was observed when subjects (healthy residents plus
blood donors) were grouped according to age. As seen from
Table 2, the rate of positivity for anti-PT IgM antibodies was
the highest among people aged 19 years or younger: 5% of
healthy subjects. The seropositivity rates clearly tended to de-
crease among the older subjects (P < 0.01). The rates of
positivity for anti-PT IgM antibodies in each age group were
irrelevant to the year that the serum samples were collected,
i.e., in 2000 (healthy residents) and 2005 (blood donors). The
rate of positivity for anti-PT IgM antibodies among females
was a little higher than that among males: 43.8% (39/89) for
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TABLE 3. Relationship between number of CD4 cells and rate

Seo |=& oy
i 5% agqx = 3 of positivity for anti-E. cuniculi PT IgM antibodies among
2! 22 ;:c:v/ S é‘ HIV-infected persons younger than 30 years of age
4 =]
5 o . No. (%) of persons
; = g CDI:O"I)]g/ | No.ofp_n:;ns with anti-E. cuniculi
21323 ceme « |5 etk | Cxamin PT IgM antibodies
gzl 5 - -
Z52 8 <250 - 21 0(0)
= 3 = 251-399 . 12 3(25)
: B S 400-900 15 9 (60
g2 |98% g |2 ¢ ' - =
"’""‘-;- nEas & S @
3 SIS & 8
o Z & [=%--% <] — 5 2
> — = o .
N : lallig
-
é’ g 2 £ = * females and 29. 1% (27/91) for males. A total of 41.1% (39/95)
—
4 5838 |lawwo o 2 g of the female donors and 31. 4% (33/105) of the male donors
= 2287V F g 5 showcd antl-PT IgM antibody titers of 1:50 or more.
2 = . B 2 "Anti-E. cumcult PT-IgM antibodiés were detected in only 4
3 : o= y
< Isaa & |2 8 of 51 samples from HIV—posmve individuals with CD4 cell
a— ) R ]
; BE |adas S g = ,levels below: 250/p,l (Table 1) In particular, anti-PT IgM anti-
> 5 — O — — 3~ 8
z 2RSS T le o bodies were not détectéd in persons younger than age 30 years
= o » 8 & and with <250 CD#4 cells/pl (Table 2). Interestingly, a high rate
< & - g o
Nl ; P <8 2 [gM: antibodles was observed among
. - - .
= g 533. B ns Wi 4CQf}cellcountsbetween251 :
2la| |25¢ = 8 ]
L Q@ e . C R
S | e S ol
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b N . 2. ..
ol B ES N -
& 532
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3 25!
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133 S =
[ Zg-
° 8 ot
5 iZ to be fairly higher than
= =28
EE S0 oen S B8 those of- lmmunoﬂuorescence assays.
19N g s
E 5| 2 888 & |sgw No cross-reactive relationship between human anti-E. cunic-
n & S8 N N N o] Eh P p
LB £l Z& [oogx o ETE ulz PT and human anti-E. mtestmalzs PT has been proved: We
30 % %%‘ & clearly showed that our human sera ¢éontaining ariti-PT IgM
~ e [ . _g.é g antibodies did not cross-react with filaments extruded from
m = :'é Elgeg ~ |§E8 germinated spores of E. intestinalis and E. hellem. Our finding
A 1=E £ E e ki is'in agreement with previous ones that human sera containing
S . £ ;’ § anti-E: intestinalis PT antibody activity did not immunostain
- 5 |8x P the filaments extruded from E. cuniculi (13).
- oo Anti-E. cuniculi PT antibodies, unlike the immunoglobulin
8 l3Eg class of anti-E. intestinalis PT antibodies, which was shown to
Q 25 & o ’
§ s |38 _:-E be IgG (13, 15), were not of the IgG class but were of the IgM
g‘ -E F_ |88 § class. Anti-E. cuniculi PT IgG antibodies were detected in the
2 g §§ S E g sera of just four persons (one had a titer of 1:1,600, and the
:ﬁs’», 3”5_ 2 £ ; 8c others showed low titers of 1:50) (Table 1). Their reactivities
32 S%8 o3 Xk probably resulted from anti-E. cuniculi PT IgM antibodies. In
8 g 8, 58]8% E our experiments, we used protein A/G instead of anti-human
w ol - . - -
z3 Q‘é“‘é g gg 3 IgG to capture IgG antibodies. It is known that protein A
E S § 8 Z § :2 E ? strongly binds to IgG molecules but also weakly binds to some
IZRAE & £ IgM molecules (9). In fact, the four serum samples all exhib-
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ited elevated titers of anti-PT IgM antibodies, but their ability
to stain extruded filaments was not so strong.

There was no significant difference in the rate of positivity
for anti-PT IgM antibodies by gender, although the rate of
positivity for anti-PT IgM antibodies was slightly higher among

-females than among males. However, some relationship be-
tween the prevalence of anti-PT IgM antibodies and age would
be expected. The rate of positivity for anti-PT IgM antibodies
was significantly higher among people <20 years of age than
among people in older groups (Table 2). However, this activity
for anti-PT IgM antibodies was not found among the 21 HIV-
positive persons younger than 30 years of age (Table 2), all of
whom had CD4 lymphocyte levels below 250/ul, indicating that
they were severely immunocompromised. However, when CD4
counts were between 400 and 900 cells/pl, anti-PT IgM anti-
bodies were detectable in 60% (9/15) of HIV-positive persons
younger than 30 years of age (Table 3). Thus, we were sur-

prised to find that increasing age and decreasing numbers of -

CD4 lymphocytes, factors that can induce immunosuppression,
influence the production of anti-PT IgM antibodies.

Anti-PT IgG antibodies were not detectable in most of our
subjects, as noted above. The only human case demonstrating
elevated anti-PT IgG antibodies involved an accidental E.
cuniculi infection (14). In respect to the specific immune re-
sponses to the E. cuniculi infection, anti-spore wall IgG was
observed to precede anti-PT IgG (14). Most of our subjects
were negative for anti-spore wall IgM and IgG (data not
shown). Additionally, the rate of positivity for anti-PT IgM
antibodies for the serum samples collected from blood donors
in 2005 was almost the same as that for the serum samples
collected from healthy residents in 2000 (Table 1). These find-
ings suggest that most of our anti-PT IgM antibodies do not
belong to the class of early IgM antibodies found after infec-
tion by E. cuniculi. Although anti-PT IgM reacted only with the
E. cuniculi PTs of the Encephalitozoon sp. tested, as described
above, further research concerning the specificities and immu-
noreactivities of human anti-E. cuniculi PT IgM antibodies
needs to be undertaken.

E. cuniculi infection in immunocompromised patients results -

in disseminated disease that is clinically manifested in symp-
toms such as keratoconjunctivitis, hepatitis, and peritonitis
(16). However, no symptomatic cases of infection with E. cu-
niculi among immunocompetent persons have been described
(16), apart from the accidentally infected French individual,
who had severe keratoconjunctivitis (14). A Japanese child
with encephalitozoonosis due to E. cuniculi infection in 1958 is
considered the only case due to natural infection, but unfor-
tunately, the patient’s immune status was not recorded (10). A
few cases of E. cuniculi infection have also been reported in
transplant patients (6, 11). Thus, apart from some extremely
rare situations, it is most unlikely that E. cuniculi causes mi-
crosporidiosis in immunocompetent persons (12, 16). Consid-
ering that almost all human encephalitozoonosis cases oc-
curred in immunocompromised patients infected with HIV
(16), one can speculate that protective immunity plays a very
important role against E. cuniculi infection. In experimental
models, the protective immune response against E. cuniculi is
noted to be mediated by cytotoxic CD8* T cells (7). Also, the

CLIN. VACCINE IMMUNOL.

in vitro infectivity of microsporidia has been observed to be
reduced by treatment with monoclonal and polyclonal antibod-
ies to the polar tube protein (7), suggesting that anti-PT anti-
body may constitute a first line of defense against infection by
E. cuniculi. Our study clearly indicates that there are circulat-
ing IgM antibodies that are capable of strongly reacting with
the filaments that extrude from germinated E. cuniculi spores.
We believe that this is the first study to provide seroepidemio-
logical data on human anti-PT IgM antibodies. Further studies -
focused on human anti-E. cuniculi PT IgM antibodies need to
be performed from the parallel perspectives of protective im-
munity and preventive medicine.

ACKNOWLEDGMENTS

We appreciate the assistance with serological testing and cell allture
given by Tokiko Asakura.

This work was supported by grant-in-aid no. 16390177 from the
Ministry of Education, Science, Sports and Culture of Japan.

REFERENCES

1. Asaknra, T., S. Nakamura, M. Ohta, Y. Une, and K. Furuya. 2006. Genet-
ically unique microsporidian Encephalitozoon cuniculi strain type III isolated
from squirrel monkeys. Parasitol. Int. 55:159-162.

2. Bryan, R. T. 1995. Microsporidiosis as an AIDS-related opportunistic infec-
tion. Clin. Infect. Dis. 21(Suppl. 1):562-S65.

3. Canning, E. U, and W. S. Hollister. 1987. Microsporidia of mammals—
widespread pathogens or opportunistic curiosities? Parasitol. Today 3:267~
273.

4. Deplazes, P., A. Mathis, R. Baumgartner, L. Tanoer, and R. Weber. 1996.
Immunologic and molecular characteristics of Encephalitozoon-like micros-
poridia isolated from humans and rabbits indicate that Encephalitozoon
cuniculi is a zoonotic parasite. Clin. Infect. Dis. 22:557-559.

5. Furuya, K., D. Fukui, M. Y: hi, Y. Nakaoka, G. Bando, and M.

" Kosuge. 2001. Isolation of Encephaluozoon cuniculi using primary tissue
culture techniques from a rabbit in a colony showing encephalitozoonosis. J.
Vet. Med. Sci. 63:203-206. ]

6. Gamboa-Dominguez, A., J. De Anda, J. Donis, F. Ruiz-Maza, G. S. Visvesvara,
and H. Diliz. 2003. Disseminated Encephalitozoon cuniculi infection in a Mex-
ican kidney transplant recipient. Transplantation 75:1898-1900.

7. Khan, L A, M. Moretto, and L. M. Weiss. 2001. Immune response to
Encephalitozoon cuniculi infection. Microbes Infect. 3:401-405.

8. Kucerova-Pospisilova, Z., and O. Ditrich. 1998. The serological surveillance
of several groups of patients using antigens of Encephalitozoon hellem and E.
cuniculi antibodies t0 microsporidia in patients. Folia Parasitol. (Praha)
45:108-112.

9. Langone, J. J. 1982, Protcm A of Staphylococcus aureus and related immu-
noglobulin receptors produced by streptococci and pneumonococci. Adv.
Immunol. 32:157-252.

10. Matsubayashi, H., T. Koike, L. Mikata, H. Takei, and S. Hagiwara. 1959. A
case of Encephalitozoon-like body infection in man. Arch. Pathol. 67:181-
187.

11. Mohindra, A. R, M. W. Lee, G. Visvesvara, H. Moura, R. Parasuraman,
G. 1. Leitch, L. Xiao, J. Yee, and R. del Busto. 2002. Disseminated micro-
sporidiosis in a renal transplant recipient. Transplant. Infect. Dis. 4:102-107.

12. Orenstein, J. M., H. P. Gaetz, A. T. Yachuis, S. S. Frankel, R. B. Mertens,
and E. S. Didier. 1997. Disseminated microsporidiosis in AIDS: are any
organs spared? AIDS 11:385-386.

13. Peek, R., F. Delbac, D. Speijer, V. Polonais, S. Greve, E. Wentink-Bonnema,
J. Ringrose, and T. van Gool. 2005. Carbohydrate moieties of microsporidian
polar tube proteins are targeted by immunoglobulin G in immunocompetent
individuals. Infect. Immun. 73:7906-7913.

14. van Gool, T., C. Biderre, F. Delbac, E. Wentink-Bonnema, R. Peek, and C. P.
Vivares. 2004. Serodiagnostic studies in an immunocompetent individual
infected with Encephalitozoon cuniculi. J. Infect. Dis. 189:2243-2249.

15. van Gool, T, J. C. M. Vetter, B. Weinmayr, A. Van Dam, F. Derouin, and J.
Dankert. 1997. High seroprevalence of Encephalitozoon species in immuno-
competent subjects. J. Infect. Dis. 175:1020-1024.

16. Weber, R., D. A. Schwartz, and P. Deplazes. 1999. Laboratory diagnosis of
microsporidiosis, p. 315-362. In M. Wittner and L. M. Weiss (ed.), The
microsporidia and microsporidiosis. ASM Press, Washington, DC.

17. World Health Organization. 1996. Fighting discase fostering development,
p- 112. In The world health report. World Health Organization, Geneva,
Switzeriand.

—406—



AIDS RESEARCH AND HUMAN RETROVIRUSES
Volume 23, Number 4, 2007, pp. 564-568

© Mary Ann Liebert, Inc.

DOI: 10.1089/aid.2006.0270

Sequence Note

Molecular Epidemiology of HIV Type 1 in Treatment-Naive
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ABSTRACT

To understand the predominant HIV subtype and drug-resistant viruses in northwest Ethiopia, isolates from
92 antiretroviral drug-naive HIV-1-infected tuberculosis patients were analyzed. Of these patients, 90 (97.8%)
were found to be infected with viral subtype C. Other isolates had subtype A (1.1%) and subtype D (1.1%).
No primary mutations were associated with protease inhibitor drug resistance. One case (1.1%) had the re-
verse-transcriptase mutation, V751. Two patients (2.2%) had the G190A mutation, which confers resistance
to the nonnucleoside reverse transcriptase inhibitor, nevirapine. Our study demonstrates that subtype C is
the major HIV-1 subtype in northwest Ethiopia. OQur results also reveal that the population in the study area -
had been exposed to antiretrovirals and that treatment-naive patients had drug resistance mutations. Thus,
our results emphasize the need for routine drug resistance monitoring in northwest Ethiopia.

THIOPIA, A COUNTRY IN THE HORN OF AFRICA and neighbor-

ing Sudan, Kenya, Djibouti, and Somalia, has been facing
an epidemic of HIV-1 subtype C with low frequency of sub-
types A and D.!- Since the first two reported AIDS cases in
1986, the epidemic has been spreading rapidly throughout the
country. At the end of 2003, 1.5 million people in Ethiopia were
living with HIV/AIDS. The adult prevalence of HIV in 2003
was estimated at 4.4%, and the number of people infected with
the virus is projected to exceed 4 million by the year 2014.
About 245,000 people living with HIV/AIDS in 2003 were es-
timated to need antiretroviral therapy. To control the epidemic,
the government of Ethiopia has developed a national policy to
guide the implementation of successful programs to handle
HIV/AIDS, including the provision of highly active antiretro-
viral therapy (HAART). As a result, antiretroviral (ARV) ther-
apy has officially been offered since 2003 in the country. How-
ever, the use of these drugs has created a major public health
concern about the possible emergence of drug-resistant mutants
that would lead to treatment failure. Given the limited avail-

ability of treatment options, optimizing initial ARV therapy de-
pends on characterizing baseline polymorphisms in the anti-
retroviral target genomes and their impact on the development
of drug resistance.

To clarify the distribution of HIV-1 subtypes and prevalence
of drug resistance-related mutations in antiretroviral drug-naive
HIV-1-infected patients in Gondar, northwest Ethiopia, we col-
lected and analyzed serum from 92 ARV drug-naive, HIV-1-
positive tuberculosis patients diagnosed from January to Au-
gust 2003 at the University of Gondar Hospital. Selection of
patients and sample collection have been reported elsewhere.
Nucleotide sequences of HIV-1 gag p17, protease (PR), reverse
transcriptase (RT), and envelope C2V3 regions were deter-
mined as previously described.’ In brief, viral RNA was ex-
tracted from 200 u! of serum using a commercially available
kit (Boehringer Mannheim GmbH, Mannheim, Germany). Four
regions were separately reverse transcribed and amplified us-
ing AMV-RT and Taq polymerase (TaKaRa, Osaka, Japan) and
region-specific primer pairs. Primary PCR products were fur-

Department of Preventive Environment and Nutrition, Institute of Health Biosciences, University of Tokushima, Tokushima 770-8503, Japan.
2Department of Microbiology and Parasitology, Gondar College of Medicine and Health Sciences, University of Gondar, Gondar, Ethiopia.
3AIDS Research Center, National Institute of Infectious Diseases, Tokyo 2080011, Japan.
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MOLECULAR EPIDEMIOLOGY IN ETHIOPIA

TaBLE 1. SOCIODEMOGRAPHIC CHARACTERISTICS OF PATIENTS
Frequency %o

Sex

Male 36 39.1

Female 56 60.9
Age in years

<20 1 1.1

20-29 38 41.3

30-39 38 41.3

40-49 11 12

>50 4 43
Religion

Christian 86 93.5

Muslim 5 5.4

Other 1 1.1
Residence

Gondar city 75 81.5

Surrounding Gondar 17 18.5
Marital status

Single 36 39.1

Married 24 26.1

Divorced 21 22.8

Widowed 11 12

ther amplified with a high-fidelity DNA polymerase (KOD
DNA polymerase, TOYOBO, Osaka, Japan). Sequence reac-
tions were performed using the BigDye terminator cycle se-
quencing kit (Applied Biosystems, Tokyo, Japan), and nucleo-
tide sequences were determined by direct sequencing using the
3730 DNA ANALYSER (Applied Biosystems). The results
were analyzed by Sequence Navigator version 1.0.1 software
(Applied Biosystems). The virus subtype of each sample was
determined by phylogenetic analysis of env C2V3, gag pl7,
PR, and RT gene sequences. The sequences were aligned with
a set of reference sequences obtained from the Los Alamos se-
quence database by Clustal W of the Philip program. The ge-
netic distances were calculated by Kimura’s two-parameter
analyses, and phylogenetic trees were depicted by the neigh-
bor-joining method using the MEGA version 3.0 program. To
determine the prevalence and pattern of drug resistance muta-
tions, sequences of PR and RT were compared with the HXB2
reference sequence and mutation points were determined ac-
cording to the IAS-USA drug-resistance chart.5

Sequences for PR, RT, and gag p17 were successfully ob-
tained from all 92 specimens. Envelop C2V3 sequences were
obtained only from 90 samples. The baseline characteristics of
the 92 subjects are shown in Table 1. The majority of patients
(82.6%) were in the age group 20-39 years. Women, residents
of Gondar city, and Christians represented 60.9, 81.5, and
93.5% of the patients, respectively. Phylogenetic analyses of
sequences clarified that 90 (97.8%) of the 92 subjects were in-
fected with HIV-1 subtype C. Two nonsubtype C cases were
identified: one subtype A (1.1%) and one subtype D (1.1%).
All four segments amplified by RT-PCR demonstrated identi-
cal subtypes and no recombinant forms were identified. Thus,
our results show that subtype C is the predominant subtype
among patients living in the study area. Our result is consistent
with previous reports that the Ethiopian HIV/AIDS epidemic is
dominated by subtype C viruses.!~3 These studies also reported
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very low frequencies of subtypes A and D.2? The dominance
of subtype C in the Ethiopian epidemic might be due to the
rapid saturation of this subtype among commercial sex work-
ers and their network.! Indeed, heterosexual contact was re-
ported as the major risk behavior in the Ethiopian HIV epi-
demic. Our finding of the rarely reported subtypes A and D in
patients from northwest Ethiopia, in addition to the dominant
subtype C, suggests the introduction of such clades from neigh-
boring countries such as Sudan’ and Kenya,® where subtype D
and A viruses predominate.

To understand subtypes in more detail, phylogenetic analy-
ses were performed. Figure 1 shows an unrooted phylogenetic
tree of the sequences for env C2V3, gag pl17, PR, and RT. In-
terestingly, two distinct clusters were observed in env C2V3 se-
quences (Fig. 1a). Of the 88 env C2V3 sequences analyzed, 39
clustered with an Ethiopian reference HIV-1 subtype C se-
quence (Eth2220) (subcluster C), and the remaining 49 se-
quences clustered separately (subcluster C'). Similar clustering
was also observed in gag pl7 sequences (Fig. 1b), where 43
sequences clustered as C and 35 as C’, whereas 8 sequences
were not separable. Our findings strengthen previous studies!~?
that demonstrated that the Ethiopian subtype C had a genetic
subcluster designated C' with a significant bootstrap value in
the gag and env regions.

To clarify the significance of the two subclusters, we ana-
lyzed the linkage between subclustering of the env and gag re-
gions. As shown in Table 2, the subclusters of these two re-
gions matched each other significantly (x2 = 30.82, df = 2,
p < 0.001), as subclusters C and C’ had concordance rates of
31.8% and 36.4%, respectively.

In contrast to the C2V3 and p17 regions, sequences for PR
(Fig. ic) and RT (Fig. 1d) did not show obvious subclustering.
Furthermore, subclustering was not associated with the patients’
sociodemographic features such as age, sex, religion, residence,
and ethnic group or clinical signs and symptoms of the disease.
The C and C’ strains have been cocirculating in the population
independent of geography, time of sample collection, and risk
group.2

Drug resistance mutations in the 90 HIV-1 subtype C se-
quences were analyzed by examining amino acid mutations at
PR and RT sites associated with ARV drug resistance.® As
shown in Table 3, no subject displayed major resistance muta-
tions in PR. Minor mutations that might contribute to protease
inhibitor (PI) resistance were found at L10I (2.2%), L10V
(2.2%), K20R (9.8%), M361 (97.8%), L63P (22.8%), ATIT
(2.2%), V771 (1.1%), and V821 (8.7%). Analysis of sites in the

TABLE 2. SUBCLUSTERS IN ENVELOPE AND GAG SEQUENCES
DEMONSTRATE HiGH CONCORDANCE RATE

gagpl7
C o NS Total
envC2V3
C 28 3 8 39
(31.8%) (3.4%) 9.1%) (44.3%)
c’ 15 32 2 49
(17.0%) (36.4%) (2.3%) (55.7%)
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(a) env (C2V3) (b) gag (p17)
Cl
Cl
ETH2220
*%
%
c c
JRFL
—_
0.02 HXB2
HXB2
—
0.01 JRFL
(c) protease (d)reverse transcriptase
ETH2220
JRFL
0.007
HXB2
JRFL
:);)‘1 g2 ETH2220

FIG. 1. Unrooted phylogenetic trees depicted by nucleotide sequences of 92 Ethiopian HIV-1-infected cases. (a) env C2V3,
(b) gag p17, (c) protease, and (d) reverse transcriptase regions.
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RT gene associated with resistance to RT inhibitors showed
mutations V751 and G190A in one case (1.1%) and two cases
(2.2%), respectively. The V75I mutation was observed in a sub-
type D isolate while the G190A mutation was seen in subtype
C viruses. The population in the area sampled appears not to
have been highly exposed to antiretrovirals when our samples
were collected, consistent with the history of ARV therapy in
Ethiopia, which began in 2003 at selected health institutions,
including the University of Gondar Hospital. However, single-
dose nevirapine therapy to prevent mother-to-child transmis-
sion (MTCT) of HIV was implemented in the country before
our study. One of the two G190A cases was female, but previ-
ous exposure to nevirapine by the MTCT program was not con-
firmed. For the other case (a male), transmission of G190A HIV
from nevirapine-exposed patient was suspected. Thus, our ob-
servation that two patients (a male and a female) had G190A
mutations indicates that nevirapine-resistant HIV may be cir-
culating in the study area.

Although no significant clustering was observed in phylo-
genetic analyses of PR and RT regions, significantly higher
prevalences of S48T (p < 0.001) and V2021 (p = 0.05) were
found in C’, whereas A98S was significantly more prevalent in
C (p = 0.002). The mutation patterns of our sample are com-
pared in Table 3 to those of HIV-1 isolates from ARV therapy-
naive patients of Djibouti,” Malawi,'® Zambia,!! UK,2, Zim-
babwe,!4 worldwide,!* and South Africa.!® Among the reported
subtype C cases, it is interesting to see diverse polymorphism.
The mutation pattern of our study population appears to re-
semble patterns from Zambia!! and Zimbabwe.!* The low
prevalence of drug resistance mutations in these studies might
reflect the lack of widespread usage of ARV drugs in those
countries and their surroundings.

In conclusion, our study demonstrates the predominance of
HIV-1 subtype C and low prevalence of drug resistance cases
in Gondar, Ethiopia. However, two cases of nevirapine-resis-
tant cases found in the study population presage the eventual
outspread of drug-resistant HIV in the area. Thus, continuous
monitoring of treatment-naive HIV-1l-infected populations
should be considered.
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Abstract

Interpretation of Human Immunodeficiency Virus 1 (HIV-1) genotypic drug resistance is still a major challenge in the follow-up of antivira)
therapy in infected patients. Because of the high degree of HIV-1 natural variation, complex interactions and stochastic behaviour of evolution, the
role of resistance mutations is in many cases not well undersiood. Usiag Bayesian network leaming of HIV-1 sequence data from diverse subtypes
(A. B, C, F and G), we could determine the specific role of many resistance mutations against the protease inhibitors (PIs) nelfinavir (NFV),
indinavir (IDV), and saguinavir (SQV). Such networks visualize relationships between treatment, selection of resistance mutations and presence of
polymorphisms in a graphical way. The analysis identified 30N, 88S, and 90M fornelfinavir, 90M far saquinavir, and 82A/T and 46V/L forindinavir
as most probable major resistance mutations. Moreover we found striking similarities for the role of many mutations against all of these drugs. For
example, for all three inhibitors, we found that the sovel mutation 891 was minor and associated with mutations at positions 90 and 71, Bayesian
network leamning provides an autonomous method to gain insight in the role of resistance mutations and the influence of HIV-1 natural variation.

* Caomesponding author. Tel.: 432 16 332160; fax: +32 16 332131.
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We successfully applied the method to three protease inhibitors. The analysis shows differences with current knowledge especially concerning

resistance development in several non-B subtypes.
© 2007 Published by Elsevier B.V.

Keywnrds: HIV; Protease; Nelfinavir, Indinavir; Saquinavis

1. Introduction

Human Immunodeficiency Virus (HIV) escapes the inhibi-
tory effect of antiretroviral drugs by selection of mutations that
increase resistance against those drugs. To obtain an effective
therapy, it is thus necessary to use antiretroviral drugs for which
the virus remains susceptible, Genotypic interpretation systems
predict the susceptibility or therapy response for various drugs
(Shafer, 2002; Van Lacthem ct al., 2002), based on the presence
of mutations at positions associated with drug resistance.
Unfortunately, the role of many resistance mutations remains
unsufficiently known, as well as the role of HIV-1 natural
variation, This variation within the HIV main group is reflected
in a subtype system with 9 identified subtypes and 16
Circulating Recombinant Forms (CREFs), In addition, unclassi-
fied strains and new recombinants are increasingly reported.
Different prevalences of known resistance-associated muta-
tions and new mutations are seen in different subtypes (Frater
et al, 2001; Grossman ct al., 2001; Brindeiro ct al., 2002;
Ariyoshi et al., 2003; Parkin and Schapiro, 2004). With a few
exceptions, these differences in prevalence could net be
explained by different genetic barriers because of different
codon usage (Turner et al., 2004). In previous work, we used
Bayesian network (BN) learning to demonstrate how poly-
morphisms may influence how drug-associated mutations get
selected. These explained some notable subtype differences
that have been observed for resistance development against
nelfinavir (Deforche ct al., 2006).

In this work we present the application of Bayesian network
learning to study development of resistance against three
protease inhibitors (PIs): nelfinavis (NFV), indinavir IDV), and
saquinavir (SQV). Results were compared in the context of
cross-resistance within the class of Pls.

A Bayesian network (BN) is a probabilistic model that
describes statistical independencies between multiple vari-
ables. In this work, we leam Bayesian networks from
observations of the variables. In this way, the best Bayesian
network is searched that explains a maximum of the observed
carrelations in the data using a minimum number of direcr
influences. Dependencies are visualized in a directed acyclic
graph and form the qualitative component of the BN. In this
graph, each node¢ comresponds to a variable, and a directed arc
(arrow) between nodes represents a direct influence. Mathe-
matically, a Bayesian network provides a refactoring of the
Joint Probability Distribution (JPD) of the data, using Bayes®
rule. As a BN simplifies the JPD, it provides an cffective model
that summarizes statistical properties of the data.

Within the study of drug resistance, one often refers to a
mutation that is selected as a first mutation as a major mutation
(Shafer. 2002: Johnson ct al,, 2004). Similarly, a minor

mutation further increases resistance only in presence of other
mutations, or compensates for a possible fitness impact of other
mutations, and is therefore selected only in presence of these
other mutations. Although these concepts are not rigorously
defined, conditional independencies in the networks allow us to
identify major and minor mutations, in agreement with these
definitions.

2. Materials and methods

Data was derived from five clinical databases: Pormgal,
Belgium, Israel, Brazil and an international database
containing sequences from subtypes other than subtype B.
In total we had access to 4911 sequences. Protease (PRO)
and partial reverse transcriptase (RT) HIV-1 sequences from
protease inhibitor (PI) naive patients and from paticnts
treated with only experience to NFV, IDV, or SQV as only PI,
either unboosted or boosted with ritonavir, were trimmed to
the first 350 amino-acids. At most one treated sequence and
one naive sequence per patient were included and identical
sequences were removed. RT inhibitor experienced patients
were included in the PI paive patient population, since
no resistance to RT inhibitors is expected in the protease
gene,

The analysis followed closely the method described in
Deforche et al. (2006). Subtyping was done using a
phylogenetic analysis (de Olivcira et al., 2005). We identified
wild type polymorphisms based on a prevalence greater than
10% in untreated patients and determined treatment
associated mutations by testing for mdependencc from
treatment using a Cochran-Mantel-Haenszel x* test, stratify-
ing in each combination of subtype and database. The
statistical analysis was cormrected for multiple comparisons
using Benjamini & Hochberg with a False Discovery Rate of
0.0S. The data sets for Bayesian network were also stratified
for an equal ratio of treated and untreated sequences within
each combination of subtype and database, and included next
to treatment experience, Boolean variables indicating pre-
sence of each treatment associated mutation and presence of
polymorphic amino acids. Bayesian network leaming was
done by searching using a simulated anncaling heuristic for
the most probable network structure using a Bayesian scoring
metric. A non-parametric bootstrap was performed by
resampling from the sequences, to assess the robustness of
network features.

In the final networks, we do not show the obvious strong
antagonistic direct influences between different amino acids at
single residue. Only network features (presence or absence of
arcs) with a bootstrap higher than 65% were considered
robust, and only robust arcs are shown. To reduce the

Infect, Genet. Evol. (2007), doi:10.1016/.meegid.2006.09.004
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complexity of the graphs, polymorphic positions that did not
directly influence any treatment-associated mutations were
omitted. Arcs were colored according to their function to
improve reading the graph, but this coloring is only indicative.
For each drug, known resistance mutations are those that are
defined for that drug in either the International AIDS Society
1ist of resistance mutations of 2005 (Johason et al., 2005) or
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that are included in the resistance score in at least one of the latest
versions of public resistance interpretation systems ANRS
2004.09, REGA 6.2 or HIVDB 2004.12 (Kantor et al., 2001).

To interpret the Bayesian network in the context of
antiretroviral resistance, we considered the meaning of an
arc between two mutations that was derived in Deforche et al.
(2006). A major mutation is unconditionally dependent on
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Fig. 1. Dataset prevatence (%) of NFV, IDV, and SQV treatment-associsted mutations in sequences from untreated (top bar) and trested (bottom bar) patients. For
ezch drug, the data was stratified far the overal! subtype distribution of the sequences to be identical for treated and untreated patienmts.
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treatment, which is indicated in the networks as the robust
presence of an arc between the mutation and treatment. In this
respect, an antagonistic arc with a wild type was treated the same
as a synergistic arc with mutations at this position. Similarly, a
minor mutation is expected to be conditicnally independent
from treatment but dependent on other resistance imutations, and
thus indicated by the robust ahsence of an arc between the
mutation and treatment. As was discussced in Deforche et al
{2(0)6), a minor mutation may still be connected to treatment,
when the cost is lower to connect to treatment instead of all the
resistance mutations it is associated with, Where appropriate, we
uscd the multivariate cffect implied by arc directions as well to
narrow down the list of major mutations.

3. Results
3.1. Subryping

The subtype could be determined for 85% of the sequences.
The overall subtype distribution of the sequences was subtype
G (31%), B (27%), C (24%), Al (12%), D (3%), F1 (3%) and
other subtypes (<1%). The subtype distribution was differcnt
for the untreated and each of the NFV, IDV and SQV treated
populations. As a result the subtype distributions for cach
analysis were slightly different (Fig. 1),

PR24

PRB3

3.2. Treatment-associated mutations

The data used to determinc mutations associated with
treatment with each of the drugs, included 479 (NFV), 539
(IDV), and 97 (SQV) sequences from patients with experience
with that drug as sole PIL.

Fig. | shows the prevalence of treatment associated
mutations in naive and trcated patients, that were identified
for cach of the three drugs, using a x2 statistical analysis.

The most notable discordances with known resistance
mutations were the novel mutations 20V, 33U/F, 35D/G/N, 62V,
64V, 66F, 74S, 891/T/V and 93M for NFV; 35D, 62V, 63T, 66F,
748, 891/T/V and 95F for IDV; and 111, S8E, 748, 821, and 89l/
V for SQV. These mutations, except for 20V, 35N, and 89T have
been previously described to be associated with P expericnce
in different studies (Wu et al., 2003; Svicher ot al., 2003), but
not with specific inhibitors. Some of these novel mutations
were associated with treatment by all three drugs (74S and 89U/
V) or by two drugs (35D, SBE, 66F, 89T, and 95F). The
selection of some of these mutations was more pronounced than
selection of mutations that have been widely accepted as
resistance mutations.

At the same time we did not find selection of mutations 82A/
F/T/IS or 84V by NFV, even though they are considercd
important for NFV resistance by all algorithms.
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Fig. 3. Annotated IDV experience Baycesian network showing direct influcnces between 1DV-associated mittations, polymorphisms and 1DV wresiment (ciDV).
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Legend as in Fig, 2.
3.3. Bayesian network learning

The data sets for Bayesian network learning included 340
(NFV), 288 (IDV), and 31 (SQV) sequences from patients on
treatment, and respectively 967, 925, and 716 sequencces from
Pl naive patients. Because of the stratification, the overall ratios
of treated to untreated sequences were the same within every
combination of data sct and subtype.

The Bayesian network learning discovered many robust
interactions between the variables in our data sets: the fraction
of arcs with bootstrap support over 65% incrcased with
available data and ranged from 44% (for the SQV network) to
68% (for the IDV network). The networks arc shown in Figs. 2-
4. For resistance against NFV, the network indicated 30N, 88S
and 90M as major mutations, since they show a robust
unconditional dependence on treatment, and analysis of the
non-additive multivariable effect implied by arc directions at
the treatment node, indicated that these three mutations occur
mostly independently. The amount of selection of one of these
major mutations is different for different subtypes (see Fig. 1).
In subtype B, 30N is selected most. In subtypes C and G, 90M is
selected most. Finally, in subtypes Al and F), 888 is selected
most, For resistance against IDV, the network indicated 82A/T
and 461/L as major mutations. Mutation 84V is also selected by
IDV in our data set, but we find it to be selecied only after
accumulation of mutations 82A/T or 461/L, and 10I/F. The

results for SQV were less conclusive, as more network fearures
(presence or absence of arcs) were not robust because of the
low amount of data. The nctwork indicated 90M as major
mutations but could not exclude 71V as additional major
mutation (which was also unconditionally dependent on
treatment in the most probable network, but with bootstrap
support 47%), and 461, 48V, 53L, S8E, 73S, 74S, or 89V as
alternative major mutations, ordered by likelihood. These
mutations were indicated by the most probable network as
conditionally indcpendent from treatment but this indepen-
dence was not robust. Mutation 48V only occurred in subtype
B, and the most probable network indicated that it appeared
only after accumulation of mutations 90M and 10l or 74S inour
data set.

For most minor mutations, that are conditionally independent
from treatment, the networks suggest their role in more detail by
indicating robust interactions with other resistance mutations in
whose presence they are selected, and thus contribute to a
selective advantage of the virus. The network for NFV shows that
minor mutations 20T/V, 35N, 46/L, 54V, 71/T/V, and 89I/T/V,
and the polymorphisms 63P and 89L dirccily influence a major
mutation, while minor mutations 10F, 231, 33I/F, 66F, or 93M arc
further away in the resistance pathway. Similarly, for 1DV,
mutations 1OVF, 241, 321, 54V, 66F, or 90M dircctly influence a
major mutation, and mutations 20R, 71V, 74S, 84V, 89U/T/V, and
95F are further away in the resistance pathway.

Infeet. Genet. Eval. (2007), doi: 101016/ meepid 2006.09.004
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The networks indicate robust interactions between poly-
morphisms and resistance mutations, which may explain
subtype differences. For exampte, the NFV network indicated a
protagonistic interaction of the 89L polymorphism on
development of the 30N mutation, explaining the higher
prevalence of 30N in subtype B (Grossman ct al., 2004;
Abecasis et al., 2005). This effect was recently confirmed in
in vitro experiments (Calazans et al., 2005). Similarly, both
the IDV and SQV networks suggested a protagonistic
interaction of the 93L polymorphism on development of the
71V mutation.

There are striking similarities when comparing the networks
for different drugs, especially when considering arcs with
bootstrap below 65% as well (which are not shown). All three
networks indicated interactions between resistance mutations
90M and 891, 90M and 71V, and 90M and 54V, and between the
polymorphism 89L/M on mutations at position 71. In addition,
interactions between polymorphisms and resistance mutations
found in two networks were interactions of polymorphism
T12S on mutation 74S. L63P on mutation 90M, 193L on
mutation 90M, 193L on mutation 71V, and L10! on mutations
54V and 90M.

4. Discussion

Based on higher prevalence in sequences from treated versus
untreated patients, we confirmed the selection of many known
mutations by antiviral drugs, but also identified selection of
novel mutations. As can be seen from Fig. [, selection of these
nove]l mutations was often more pronounced or sometimes
exclusively in non-B subtypes.

The low level of selection of mutations at position 82 and 84
during NFV treatment is confinmed in other data sets (Kantor
ct al., 2001). In Shafer (2002) it is argued that mutations at
posiion 82 have po phenotypic effect on their own for
resistance against NFV, but contribute to resistance together
with other mutations. A possible explanation for this
discrepancy may be that selection of these mutations depends
on the presence of other mutations that are not commonly
present in untreated patients, or that are not selected by NFV,
but are more common in patients exposed to other Pl treatment.

The learned Bayesian networks indicated major mutations,
largely in agreement with current knowledge (Johnson ct al.,
2004), with some exceptions. For NFV we found that 88S has a
different role as 88D, and should be considered a major
mutation, and may be more important than 30N or 90M in
subtypes Al and Fl. Published phenotypic data supports this
finding by indicating a phenotypic fold change in ECsp of 8.9
for 88S alone (Kantor ct al., 2001). The IDV network indicated
that 84V is not a major mutation, while it is widely considered
0. As it is documented that it rarely develops as a first
mautation, but only appears in isolates that already have a 90M
(Shafer, 2002), this discrepancy is explained by a discordant
definition of a major mutation. Similarly, eccording to our
semantics, the SQV network indicates that 48V is not a major
resistance mutation for SQV, since it virtually never occurred
without mutation 90M. This is not due to its low prevalence in

SQV failing sequences, which was comparable to the
prevalence of the major IDV mutation 82T. However, the
SQV dataset was rather small to make final conclusions.

The power of Bayesian network leaming to find robust
(in)dependencies in the data, depends on the sample size, the
number of variables, and the actual number of independencies
in the data set. It has previously been cbserved that resistance
against IDV is less structured than resistance development
against SQV (Becrenwinkel ct al., 2004), which may explain
why a similar amount of robust dependencies were observed for
resistance against IDV as for SQV, despite the fact that the IDV
data set was several times larger,

The biological role of minor mutations is to further increase
resistance, and/or to compensate for a8 loss in replication
capacity caused by the major mutation. Minor mutations that
only improve replication capacity that was compromised by a
resistance mutation in the virus should develop in the context of
the same resistance mutations regardless of the inhibitor used.
Indeed, these mutations may evea develop in abseace of the
inhibitor, to improve replication capacity compromised by
other resistance mutations (van Maarseveen et al,, 2006). The
similaritics abserved in the networks for different drugs, could
thus indicate that mutations 101, 128, 54V, 63P, 71V, 891, and
93L improve replication capacity compromised by other
mutations, although their role in increasing resistance cannot
be excluded,

The method of identifying possible resistance mutations by
considering mutations associated with treatment in a cross-
sectional data set can be confounded by drift. Drift may be the
reason for a higher prevalence of a mutation in the treated
population, and this is more likely for polymorphisms that
occur frequently in the untreated population. Even after
stratifying in combinations of database and subtype, we cannot
exclude this effect of drift. At the same time, the Bayesian
networks could not be used in most cases to reliably determine
the role of these polymorphic resistance mutations, since they
mostly ignored the relative low amount of variation associated
with treatment while explaining the larger amount of variation
at these polymorphisms in assocjation with other polymorph-
isms. Mutations 101 and 63P however show similar linkage in
the netwarks for different Pls, indicating their role. The
interactions we found between 63P and the major mutation
SOM are in agreement with earlier reports on the role of L63P
(Mantinez-Picado et al., 1999; Sune et al., 2004). The Bayesian
networks could not clarify in a consistent way the role of other
polymorphisms that we found to be associated with treatment
(13V, 201, 35D, 36l, 62V, B2I), despite the possibly important
clinical implications.

For the analysis of SQV and 1DV, data from both boosted and
unboosted regimens were combined. The effect of boosting is
suggpested to primarily increase the genetic barrier to developa
clinically relevant level of resistance, by increasing the
intracellular concentration of the drug. Whether this changes
the patterns of drug resistance mutations has not been
investigated yet. If using boosted regimen changes resistance
pathways, then this would have blurred the analysis only
yielding lower bootstrap confidence per pathway.

Infect. Genet. Evol. (2007), doi:10.1016/j. meegid. 20X16.09.((3
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A difficult question in resistance interpretation is how to
score presence at baseline of minor mutations. These generally
do not have an effect on resistance on their own, and may even
represent a fitness penalty with respect to the wild type. Thus,
without considering further evolution, the virus remains fully
susceptible to the drug. However, some of these mutations
improve the fitness or resistance impact of the corresponding
major mutation. Therefore, the presence of these mutations will
speed up the selection and increase the impact of these major
mutations. Other minor mutations do not directly influence the
major mutation, and thus do not have thc same clinical
significance when present at baseline. Therefare, we predict
that for NFV, in absence of major mutations 30N, 888, or 90M,
presence of mutations 20T/V, 35N, 461/, 54V, 711/T/V, or 891/
T/V, or of polymorphisms 63P or 89L, should impact clinical
outcome to a greater extent than mutations 10F, 231, 331/F, 66F,
or 93M. Similarly, for IDV, in abseace of major mutations 82A/
T and 461/V, presence of mutations 10U/F, 241, 321, S4V, 66F, or
90M should have a higher impact on clinical outcome than
mutations 20R, 71V, 748, 84V, 89I/T/V, and 9SE

The power of Bayesian aetwork learning lies in its sound
mathematical foundation to distill likely direct interactions
(which in many cases could be causalities) from the many
observed associstions between different residues, Bayesian
network leaming has previously successfully been applied to
amino acid sequence data, in the context of secondary structure
prediction (Klingler and Brutlag, 1994), but also in the field of
HIV Drug Resistance (Beerenwinkel et al., 2004). In the latter
analysis, Bayesian network models were constrained to trees with
a special structure of the Conditional Probability Distributions
(CPDs). In this way, the models described ordered accumulation
of mutations. In contrast, we use unconstrained Bayesian
networks, and added information on background polymorphisms
to the analysis. As a consequence, both antagonistic and
synergistic interactions between treatment associated mutations
and polymorphisms were leamed, without the prior assumption
of a strict ordered accumulation of mutations.

S, Conclusions

We applied Bayesian network learning to HIV-1 protease
sequence data and exposure to protease inhibitors to leam many
aspects of resistance ‘development against three protease
inhibitors. We used the structure of the network to infer
hypotheses about the role of resistance mutations. Our analysis
confirmed current knowledge, especially for resistance devel-
opment in subtype B viruses. Our analysis shows an important
impact of polymorphisms on resistance development that could
explain subtype differences in resistance development. Our
5 results may suggest aew in vitro experiments, to confirm the
hypothesised role of novel resistance mutations, or be used to
update genotypic resistance interpretation systems.
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