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% Variant in Population versus Prevalence of HLA Allele in Population

Linear Regression Model Logistic Regression Model
Pol ymorphism Epitnpe r P (Pooled UK, r and p) P (Pooled UK, p)
135X B*51-TAFTIPS] 94 0.0002 {0.95 and 0.0004) ANNH (<0.0001)
§357X B*07-GPSHKARVL 0.67 0.051 (0,65 and 0.082) 0,004 (0.005)
D260X B*35-PPIPVGDIY 0.81 0.008 (0.84 and 0.009) 0016 (0.003)
D312X B*44-AEQATOQRVKNW 0.30 0.436 (0.26 and 0.539) 0.080 (L103)
13V B*51-LPPIVAKEI 84 007 (084 and 0.017) 0.001 (0.001)
R264X B*27-KRWILGLNK 0.85 0.003 (0.92 and 0.001) D003 (0.004)
L268X B*27-KRWILGLNK 0.93 00,0002 (0.24 and 0.0005) 0.001 (0.003)
Al46X B*ST-AISPRTLNAW 0.38 0.317 (0.36 und 0.378) 0048 (0.068)
147X B*S7-ISPRTLNAW 087 0n.002 {0.91 and 0.002) 0.007 (0.007)
ALHIX B*ST03-KAFSPEVIPMF 0.80 0.031 (0,80 and 0.031) 0110 0110y
S16sX B*5703-KAFSPEVIPMF 046 0363 {046 and 0.303) 0.364 (0.364)
1168V B*3703-KAFSPEVIPMF 0.84 0.019 10.84 and 0.019) 0,085 (0.085)
T242X B*57/5801-TSTLQEQIAW 0.99 <0.0001 (0,83 and 0.010) <0.0001 (0,0003)
1247X B*5703-TSTLQEQIAW 091 0.004 (0.91 and 0.004) 0.041 (0.041)
All polymorphisms 0.69 <0.0001 (0.69 and p=0.0001 <0.0001 (<0.0001)

Supplementary Table 1. Analrm of nII polrmurph:sms using linear re;r-.-smm and logistic regression models, including data from acute and
chronic UK cohorts analy P ing cor HLA prevalence and variant frequency in the respective
study population.
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% Variant in HLA-Mismatched Population versus Prevalence of HLA Allele in Population

Linear Regression Model

Polymorphism Epitope r p (Pooled UK, r and p)
135X B*51-TAFTIPS] 0.91 0.0006 (0.93 and 0.001)
S357X B*07-GPSHKARVL 0.49 0181 (0.45 and 0.258)
D260X B*35-PPIPVGDIY 0.81 0.008 (.84 and 0.009)
D31z2X B*44-AEQATQDVENW 0.19 0.623 (0.12 and 0.783)
131V B*51-LPPIVAKEI 0.81 0.027 (0.81 and 0.027)
R264X B*27-KRWIILGLNK 0.85 0.004 (0.90 and 0.003)
L268X B*27-KRWIILGLNK (.87 0.002 (0.91 and 0.002)
Al46X B*57-AISPRTLNAW 022 0.562 (0.21 and 0.616)
147X B*ST-ISPRTLNAW 0.73 0,025 (0.82 and 0.012)
Al6IX B*S703-KAFSPEVIPMF 0.66 0108 (0.66 and 0.108)
SlesXx B*5703-KAFSPEVIPMF 0.35 0.439 (0.35 and 0.439)
1168V B*5703-KAFSPENIPMF 0.87 0.011 (0.87 and 0.011)
T242X B*57/5801-TSTLOEQIAW 0.60 0.090 (0,54 and 0.164)
1247X B*STO3-TSTLQEQIAW 0.87 D.012 {0.87 and 0.012)
All palymorphisms 0.60 <0.0001 (0.61 and p<0.0001)

Supplementary Table 2. Analyses of all polymorphisms using linear regression model, including data from acute
and chronic UK cohorts analysed separately and together, showing correlation between HLA prevalence and variant
frequency in the HLA-mismatched subset of the respective study population,
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Phylogenetically corrected and uncorrected HLA-HIV amino acid polymorphism associations
{Vancouver, Perth, Kumamoto, Durban, Gaborone cohorts)

Uncorrected Fisher's Phylogenetically corrected

Polymorphism Epitope p p
1135X B*S1-TAFTIPS] 1.5x107% 2.9x10*
§357X B*07-GPSHKARVL 6.7x10™ 8.7x10""
D260X B*35-PPIPVGDIY 3.8x10" 1.8x10"
D312X B*44-AEQATQDVKNW 4.6x10™° 3.1x10™"
131V B*S1-LPPIVAKEI 1.5x107 9.2x10"
R264X B*27-KRWIILGLNK 4.0x10™ 2.8x10”
1.268X B*27-KRWIILGLNK 7.1x10" 3.4x107°
A146X B*57-AISPRTLNAW g2x107" 1.7x10"
147X B*57-ISPRTLNAW 3.6x107 7.5x10°
Al63X B*5703-KAFSPEVIPMF 1.3x10™ 1.8x10™
S165X B*5703-KAFSPEVIPMF 3.7x10°" 5.7x10"
1168V B*5703-KAFSPEVIPME ns ns
T242X B*57/5801-TSTLQEQIAW 3.9%10°% 2.1x10"
1247X B*5703-TSTLQEQIAW 5.7x107 4.9x10°

Supplementary Table 3. Uncorrected Fisher exact test p values and p values following phylogenetic correlation of all 14
studied polymorphisms using all available data from 5 cohorts (n=1,373), comprising those study subjects in Vancouver,
Perth, Kumamoto, Durban and Gaborone. The uncorrected p value was <0.05 for the V168X variant for this subset of the
dataset.
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Genbank numbers:

Durban sequences:

SUPPLEMENTARY INFORMATION

Gag: FI1198407-FI1199088
Pol: FJ199532-FJ 199992
Gaborone Sequences:

Gag: FJ497801-F1497950
Pol: FJ498244-F)498543

London Sequences:

Gag: FJ473452-F1474070

Lusaka sequences:

Gag: FI606114-Fl606446

Kumamoto sequences:

Gag and Pol: AB475154-ABR476170

Oxford sequences:

Gag Fl645274- F1645344
Fl645350- F1645360
FI645409-F1645410
Pol: Fl645411- Flo45478
F1645483- FI645488
F1645534- FI1645538

Barbados sequences:

Gag: FJ645345- FI645349
F1645361-F1645408
Pol: F1645479-Fl645482

FJ645489-Fl645533
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Bayesian network analyses of resistance pathways

against efavirenz and nevirapine

Koen Deforche?, Ricardo ]. Camacho®, Zehave Grossman®,
Marcelo A. Soares?, Kristel Van Laethem?, David A. Katzenstein®,
P. Richard Harrigan', Rami Kantor®, Robert Shafer®,
Anne-Mieke Vandamme® on behalf of the non-B workgroup

Obijective: To clarify the role of novel mutations selected by treatment with efavirenz or
nevirapine, and investigate the influence of HIV-1 subtype on nonnucleoside reverse
transcriptase inhibitor ("NRTI) resistance pathways.

Design: By finding direct dependencies between treatment-selected mutations,
the involvement of these mutations as minor or major resistance mutations against
efavirenz, nevirapine, or coadministrated nucleoside analogue reverse transcriptase
inhibitors (NRTIs) is hypothesized. In addition, direct dependencies were investigated
between treatment-selected mutations and polymorphisms, some of which are linked
with subtype, and between NRTI and nNRTI resistance pathways.

Methods: Sequences from a large collaborative database of various subtypes were
jointly analyzed to detect mutations selected by treatment. Using Bayesian network
learning, direct dependencies were investigated between treatment-selected mutations,
NRTI and nNRTI treatment history, and known NRTI resistance mutations.

Results: Several novel minor resistance mutations were found: 28K and 196R (for
resistance against efavirenz), 101H and 138Q (nevirapine), and 31L (lamivudine).
Robust interactions between NRTI mutations (65R, 74V, 751/M, and 184V) and nNRTI
resistance mutations (1001, 181C, 190E and 230L) may affect resistance development to
particular treatment combinations. For example, an interaction between 65R and 181C
predicts that the nevirapine and tenofovir and lamivudine/emtricitabine combination
should be more prone to failure than efavirenz and tenofovir and lamivudine/
emtricitabine.
Conclusion: Bayesian networks were helpful in untangling the selection of mutations
by NRTI versus nNRTI treatment, and in discovering interactions between resistance
mutations within and between these two classes of inhibitors.
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Introduction

Genotypic interpretation systems predict the therapy
response for various drugs [1,2] based on the presence of
mutations at positions associated with drug resistance.
For many mutations observed after treatment failure in
clinical isolates, their role is not sufficienty known and
the impact of the large natural variation of HIV-1 is still
debated. Different prevalences of known resistance-
associated mutations and new mutatons are seen in
different subtypes [3—9], and with a few exceptions, these
differences in prevalence could not be explained by
different evolutionary distance because of different
codon usage [10]. In previous work [11], we used
Bayesian network learning to explain subtype differences
for resistance development to nelfinavir from inter-
actions between polymorphisms and  resistance
mutations. Such studies are useful to improve expert
genorypic interpretation systems, in partcular to make
them more applicable to non-B subtypes by including
resistance mutations that occur rarely in subtype B. Some
rules for the Rega interpretation system [2] have been
derived from Bayesian network learning (for example
inclusion of 891/V in RegaV7.1). By learning the
relationship between resistance mutations, in-vitro
experiments may be designed to study treatment-
selected mutations in a relevant context of other
resistance mutations or polymorphisms.

In recent years, treatment is finally reaching many HIV-
infected individuals in low and middle-income countries
[12]. At the end of 2005, around 1.3 million people in
these countries were receiving antretroviral treatment.
Most countries have standardized on first-line and
second-line treatments that were recommended by the
WHO, and as a consequence the nonnucleoside reverse
manscriptase inhibitors (nNRTIs) nevirapine (NVP), and
to a lesser extent efavirenz (EFV) are predominantly used
in first-line treatment regimens. Unlike the Western
epidemic, which is dominated by HIV-1 subtype B, the
large majority of the worldwide epidemic is caused by
HIV-1 of diverse subtypes (and mainly subtype C).
Therefore, a better understanding of mechanisms and
mutations involved in anuviral resistance to these drugs is
needed for these non-B subtypes.

In this work, we analyzed clinical data to study resistance
pathways to nNRTIs. We investigated a possible impact
of subtype and interactions with mutations conferring
resistance to nucleoside analogue reverse transcriptase
(NRTIs). Resistance development to NRTIs and
nNRTIs is confounded by the use of combination
therapy, which typically combines use of several inhibitors
from the two different classes with resistance mutations in
the same region. As we will show, Bayesian networks offer
a direct benefit over other stausucal approaches to
determine whether treatment-associated mutations are
related to NRTI or nNRTI resistance pathways, and to

investigate possible interactions berween NRTI and
nNRTT resistance mutations.

Methods

Protease and partial reverse transcriptase (up to position
250) sequences of three HIV-1 populatons were pooled
from five clinical databases: Portugal, Belgium, Israel,
Brazil and an internatonal database containing sequences
from subtypes other than subtype B (the non-B
workgroup). The populations were defined by respect-
ively 3837 sequences from nNRTI-naive patients,
sequences from patients treated with only experience
to EFV (462 sequences) or NVP (533 sequences) as
nNRTL For 10% of RT sequences, which covered RT
starting around position 35, the missing sequence
fragment was treated as mussing values. At most, one
treated sequence and one naive sequence per patient were
included and identical sequences were removed. For each
sequence, the detected polymorphic amino acids and
nNRTI wreatment-associated mutations, as well as known
key NRTI mutations [13], with prevalence over 0.5%,
and NRTI treatment experience were included in the
data set for Bayesian network learning.

The analyses followed the method previously described
[11], briefly summarized here. Subtyping was done on
the nucleotide sequences using the Rega HIV-1
subtyping tool v2.0 [14]. Wild-type polymorphisms
were detected based on a prevalence greater than 15% in
untreated patients and treatment-associated mutations by
testing for independence from treatment using a
Cochran—Mantel—Haenszel test [correcting for multple
testing using Benjamini and Hochberg with a false
discovery rate (FDR) of 0.05]. After stratifying the data
sets for same subtype distribution in treated versus
untreated patients, consensus Bayesian nerworks were
learned from the data based on a nonparametric bootstrap
[15]. A Bayesian network is a probabilistic model that
describes stanstical independencies between multiple
variables. Using Bayesian network learning, a Bayesian
network is searched that explans a2 maximum of the
observed correlations in the data using a minimum
number of direct influences.

The network structure was used to determine the role of
new treatment-associated mutations, Mutations were con-
sidered novel for a drug, when not included in the
International AIDS Society (IAS), USA list of resistance
mutations of 2007 [13] or in one of the publicly available
expert interpretation systems (Rega 6.4 HIVDB 4.2.9,
or ANRS 2006.07) for that drug. Novel mutations whose
prevalence was dependent on key nNRTI resistance
mutations only were considered to be novel nNRTI
resistance mutations, and similarly for NRTI resistance
mutations. In addition, mutatons whose prevalence was
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determined by presence of other mutations rather than
by treatment were considered minor resistance mutations,
and mutations that were directly dependent on treatment
and for which Conditional Probability Distributions
showed a significant prevalence in the absence of other
major mutations, were considered major mutations.

Results

Novel efavirenz, nevirapine, and nucleoside
reverse transcriptase inhibitor resistance
mutations

A comparison of sequences solated from EFVand NVP-
treated patients to sequences from nNRTI-naive patients,
showed the association of 27 mutations with EFV
treatment and 24 mutatons with NVP treatment,
excluding known NRTI resistance mutations (Fig. 1),

The consensus Bayesian networks that were learned from
the data sets are shown in Figs 2 and 3. As in the EFV
network, the novel minor murtations 28K, 901, 196R,,
(currenty not considered by expert genotypic interpret-
anon systems) and 221Y (present only ‘in the Rega 7.1
interpretation system, and added to this version based on
findings in this manuscript) were associated with EFV

70 - Efaviranz
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101E 101P 101Q 103A 100N 106M 1081 135M 182H 179€ 1700 181C 168H 185F 188L 190S 180E 1904 196R 221Y 2264 2271 230L 2347

treatment or with known EFV resistance mutations; they
are potentially involved in resistance to EFV. Likewnse, in
the NVP network, the novel mutations 101H, 138Q), and
221Y were associated with NVP treatment or with
known NVP resistance mutations and are thus potentially
involved in resistance to NVP The novel mutation 28K
was mostly confined to subtype G, and within this
subtype. was present in 25 out of 189 (13%) pauents
treated with EFV. The involvement of 28K in NRTI
resistance through an interaction with mutations at
position 215 (bootstrap support 38% in the NVP
network) could not be excluded.

Despite the apparent interaction between mutation 188F
and 1908, the mutaton 188F is not likely to be direcdy
involved in resistance, but instead a ‘transitional” mutation
in the two-nucleotide change required for the wild-type
188Y to mutate to 188L, as in the data sets, it appeared in
14 of 15 samples in a mixture with 188Y or 188L.

The novel mutation 31L was associated with 184V
(bootstrap support 83%) and is therefore likely involved in
lamivudine (3TC) resistance. Murtations 203K and 228H,
and to a lesser extent mutation 228R., were associated
with the thymidine analogue mutations (TAMs) 219Q/E,
and thus likely involved in these TAM pathways of
resistance to zidovudine (ZDV) and stavudine (D4T).

= L]
Fl P vl - = =
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28K 3IL 901 9B8G 101H 101E 1010 103N 108A 108M 108/ 1330 175Y 1811 181C 188L 1508 190A 203K 221Y 2271 228H 228R 2287

Fig. 1. Dataset prevalence (%) in sequences from nNRTI-naive (left bar) and nNRTI-treated (right bar) patients of mutations
significantly associated with EFV or NVP treatment (FDR = 0.05). For both drugs, the data were stratified for the overall subtype
distribution of the sequences, shown in the inset pies, to be identical for treated and untreated patients. Known NRTI resistance
mutations that were associated with treatment are not shown. FDR, false discovery rate; NRTI, nucleoside reverse transcriptase
inhibitor; nNRTI, nonnucleoside reverse transcriptase inhibitor; NVP, nevirapine; EFV, efavirenz.
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ATE2 RTIE

Fig. 2. Annolated Bayesian network learned for analyzing resistance to EFV, learned autonomously from clinical sequence data.
An arc represents a direct dependency between the corresponding variables and thickness is proportional to bootstrap support.
Salid arcs have boatstrap support over 65% and were considered robust. Dashed arcs have bootstrap support over 35% and lack of
arcs was also considered robust. Arc color indicates whether it is a direct influence between resistance mutations (black), an
influence from background polymorphisms on resistance mutations (blue), a direct influence between treatment reflecting bias in
treatment combinations (purple), associations between background polymorphisms (green), or other interactions such as between
nNRTI and NRTI resistance mutations (gray). Arc direction does not reflect cause and effect, nor order of accumulations of
mutations, but may indicate a nonadditive multivariable effect, which requires analysis of the quantitative components of the
Bayesian network. Arcs were colored according to their function to improve reading the graph, but coloring is only indicative. EFV,
efavirenz; NRTI, nucleoside reverse transcriptase inhibitor; nNRTI, nonnucleoside reverse transcriptase inhibitor.

The involvement of 228K in nNRTT resistance through
an interaction with 181Y (bootstrap support 61%) could
however not be excluded.

The role for novel mutations 135M, 162H, and 175Y
could not be clarified as robust associations were lacking
for these mutations in the Bayesian nerworks.

Efavirenz resistance pathways

For resistance to EFV, next to the predominant use of
103N, HIV-1 escapes through pathways marked by
mutations 188H/L or 190E/S/A in a minority of
sequences, as indicated by the connectivity around the
experience with EFV (eEFV) node in the network.
These pathways are not exclusive, as combinations of
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RAT151

AT118

Fig. 3. Annotated Bayesian network learned for analyzing resistance to NVP. Legend as in Fig. 2. NRTI, nucleoside reverse
transcriptase inhibitor; nNRTI, nonnucleoside reverse transcriptase inhibitor; NVP, nevirapine.

these major mutations were also commonly found,
showing that they reinforce each other when present
together. The 106M mutation, which was found almost
exclusively in subtype C sequences, confirming earlier
findings [16], was almost never observed without 103N
or 190E/S/A. Even though it can therefore be
considered a minor mutation, it was connected directly
to the ¢EFV node because it was common to several
different pathways. Mutation 2271 showed a robust
nteraction with mutation 106M and was also found
exclusively in subtype C.

The network indicated that the 103N pathway is further
associated with mutations 901, 1001, 101P, 1081, 181C,
221Y, 225H, 238T, and 190A. The 188L/F pathway was

further associated with mutations 179D (in subtypes B
and C), 179E (in subtype G), and the 103R mutation.
The 190E/S/A pathway was further associated with
mutations 28K, 101E/Q, 103N, 181C, and 221Y.

Several interactions between EFV and NRTTI resistance
mutations were indicated by the network. Mutation
190E, which is selected rarely by EFV, was indicated to
strongly interact with NRTI resistance mutations 74V,
75M, and 219N. Mutation 1001 showed a robust
interaction with NRTI resistance mutations 74V and
219N, mutations 179D/E and 103N showed an
interaction with NRTI resistance mutation 219Q, and
mutation 230L showed a robust interaction with NRTI
resistance mutations 1841/V.
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Nevirapine resistance pathways

For resistance to NVE, the network suggested 103N, 190A,
and 181C/I as major mutations, which were connected
directly to the experience with NVP (eNVP) node. Sirmilar
to resistance to EFV, these major mutations do not mark
exclusive pathways, but reinforce each other when present
together. Mutation 106A was almost never seen without
103N or 190A, indicaong that it was connected to the
eNVP node as a minor mutaton not specific to one
particular pathway. As with 106M for resistance to EFV, it
was further associated with mutanion 227L.

The network indicated that the 103N pathway was further
associated with mutations 190A/S, and 238T and possibly
1081. The 190A pathway was further associated with
mutation 101E and possibly also mutations 101Q and
188L. The 181C pathway was further associated with
mutation 221Y. The novel mutations 28K and 175Y could
not be assigned clearly to be selected by NVP or an NRTL

As for EFV, NRTI resistance mutations at position 74 and
75 interacted with NVP resistance mutations, but
differently. Mutation 181C showed a strong interaction
with NRTI resistance mutations 65R and 74V, and
mutations 188L and 190A showed a strong interaction
with NRTI resistance mutations 215Y/F

Common features in both efavirenz and nevirapine
Bayesian networks

The networks showed a remarkable resemblance of
interactions between the resistance mutations that were in
common for resistance to NVP and EFV. For example,
both nerworks showed that 1081 and 238T were
associated with 103N, 101E was associated with 190A/
S, 227L was associated with 106A/M, 221Y was
associated with 181C, and 28K was assoaated with 101E.

The networks also confirmed current knowledge on the
role of many resistance mutations in relation to NRTI
treatment. For example, both networks indicated that
184V was the major resistance mutation selected by 3TC,
115F was the major resistance mutation selected by
abacavir (ABC), 65R. was the major resistance mutation
selected by tenofovir (TDF), and 215F/Y were the major
resistance mutations selecred by ZDV. Also mutations from
the mulu-NRTT resistance 151 complex (62V, 77L, 116Y
and 151M) clustered clearly together in both networks,
Rare antagomistic effects between NRTI resistance
mutations that have been reported before were also
indicated, between 65R and 215Y/F and between 151M
and 215Y (the latter only in the EFV network).

Discussion

Novel resistance mutations
On the basis of higher prevalence in sequences from
treated versus untreated patients, together with a robust

association with a drug or a known resistance mutation,
we confirmed the selection of many known mutations,
but also 1dentified selection of mutations currently not
considered by expert interpretation system. In particular,
mutations 28K, 901, 196R, and 221Y are most likely
mvolved in resistance to EFV, and mutations 101H,
138Q, and 221Y in resistance to NVP. Although the
novel EFV mutations 28K and 901 were also associated
with NVP treatment, they did not associate in a robust
way with known NVP resistance mutations in the
Bayesian network, probably owing to the small prevalence
numbers. Of these novel mutations, most notably 221Y
was selected at high levels by both NVP and EFV
treatment, and at levels higher than some mutatons
currently included in the IAS list of resistance mutations
such as 1081 or 230L. Also, mutation 28K was selected in
subtype G, more than most IAS listed murtations (for EFV,
only with the exception of 103N and 1001, and for NVP
only with the excepron of 103N and 181C). The
interaction of this mutation with 101E, indicated by both
nerworks, may in part be explined by an association
berween these mutations in the p51/p66 interface of the
reverse ranscriptase heterodimer, as residue 28 in p51 and
residue 101 in p66 are closely together with opposing
charge and likely connected with a salt bridge (Frederico
Gago and Joeri Auwerx, personal communication).

The clinical impact of most of these novel mutations on
the acuvity of NVP or EFV may be limited, as they
accumulate only after major resistance mutations (such as
103N or 181C) which on their own already reduce the
acuvity of these low genetic barrier drugs such that a
treatment change is necessary even in absence of the new
mutations. Their selecuon by existing commonly used
drugs may however impact cross-resistance with novel
nNRTTs such as etravirine.

Some of the treatment-associated mutanons were
suggested to be involved in NRTI resistance rather than
nNRTI resistance, The NVP treatment-associated 311
was robustly associated with 184V, and therefore likely
involved in 3TC resistance, Given the high impact of
184V on replication capacity, perhaps this mutation
partially restores this adverse effect of 184V. Other
murations likely involved in resistance to TAMs were
203K and 228H (and perhaps also 228R)).

Of these novel mutanons, mutations 28K, 101H, 138Q),
and 196R. were not previously reported as resistance
mutations. Mutations 203K, 228H/R and 208Y were
reported in other studies to be mnvolved in NRTI
ressance [17-20], and 901 and 221Y in nNRTI
resistance [17,20,21], in agreement with our results.
Contrary to our results, however, mutation 31L has been
reported to be involved in nNRTTI resistance [22] based
on an association between the presence of this mutation
and a reduced phenotypic susceptbility to nNRTTs, in
univariable analyses in isolates without known nNRTI
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resistance mutations. However, this association could not
be confirmed in their multivariable analyses, suggesting
that the univariable association with nNRTI phenotypic
resistance was not causal. Multvariable analyses for
association with phenotypic suscepnbility (not only to
nNRTIs but also to 3TC) are needed to confirm that
mutation 31L is involved in resistance to 3TC rather
than nNRTIs.

Also contrary to our results, mutations 228H/R. have
been reported to be involved in nNRT resistance in two
studies [17,21]. In contrast, we found that mutation 228H
is involved in NRTI resistance (connected to mutations at
position 219 with bootstrap support over 90%), whereas
the role of 228R. is less certain and perhaps dual, These
conclusions were based on the association of these
mutations with decreased suscepubility to nNRTI
resistance, in a univariable analysis, and with an increased
prevalence in nNRTI-treated patients compared with
treatment-naive patients. It may not be excluded that the
association found between presence of 228H/R. and
decreased susceptibility to nNRTIs may have been caused
by the presence of other nNRTT mutations in the viral
sequence, and no multivariable analyses supported their
conclusions, As their data showed that in patients naive to
nNRTIs, but experienced with NRTIs, the mutation
228H had a prevalence over 5%, compared with being
virtually absent in treatment-naive patients, this is in
agreement with a role for this mutanon in NRTI
resistance.

Subtype differences

One of the objectives was to look for subtype-dependent
differences that could be explained by interactions with
wild-type polymorphisms. Therefore, we included
polymorphisms (some of which linked with subtype)
in the analyses. In contrast with protease resistance
mutations, very few interactions between background
polymorphisms and nNRTI resistance mutations were
found, indicating that observed differences are o be
explained mostly by the impact of different codon usage
on genetic barrier. The subtype dependence of 106M was
previously explained in this way [8,16], as is the absence of
1081 in subtype G (requiring two transitions), and the
preference for 179E instead of 179D, also in subtype
G [23]. Instead, robust interactions between polymorph-
isms and resistance mutations involved NRTI resistance
mutations, but because data sets were not stratified
according to subtype with respect to NRTI treatment,
these associations are likely artifacts given that they were
different 1n the EFV versus NVP network. The
synergistic interaction between the polymorphism
135T and resistance mutation 103N [21] could not be
confirmed in the Bayesian network analysis (although the
association was present in the data set, Fisher’s exact test,
P < 00.01), and the Bayesian network could not indicate a
possible cause for the confinement of the novel mutation
28K to subtype G,

Interactions between nonnucleoside reverse
transcriptase inhibitor and nucleoside reverse
transcriptase inhibitor resistance mutations
Interacdons between nNRTI and NRTI resistance
pathways have been repeatedly observed. For example,
as early as in 1994, it was observed that in absence of ZDV,
mutation 181C was the most prevalent NVP-selected
mutation, whereas coadministration with ZDV prevented
this mutation [24]. Using Bayesian network learning, it
was possible to confirm that the mechanism for this
observation is not an effect of ZDV directly, but rather an
interacion of nNRTI resistance mmutations with
mutations at position 215, a major resistance position
for resistance to ZDV [25]. The interaction between
190E and 74V or 751 was reported previously and verified
with in-vimo experiments [26]. A number of novel
interactions between NRTI and nNRTI resistance
mutations were identified. The interaction between
1841/V and 230L may potentially be explained using the
three-dimensional (3D) structure of the enzyme [27], by a
direct steric interaction between these residues, which are
closely located (<6 A). The 1841/V mutatons have been
demonstrated to have a clinical effect due to lowered
replication capacity [28], and have also been reported to
increase reverse transcriptase fidehity [29]. Therefore, it
may be interesting to investigate how the interaction
between 230L and 184V influences these effects. The
interactions between mutation 219N and mutatons 190E
and 1001, berween mutations 1001 and 74V, and between
mutations 181C and 65R warrant more investigatons.
Some of these interactions could be involved in the
re-sensitizaton by certain NRTI resistance mutations of
suscepribility to nNRTIs [30,31] or vice versa. On the
basis of the observed interactions and considering the
difference in preferred mutadons selected by NVP versus
EFV, one could argue that certan treatment combi-
nations are more likely to fail more quickly than other
treatments, Most notably, the suggested interaction
between 1811/C and 65R. could indicate that a treatment
including TDF and NVP will lead to a more rapid failure
than a treatment including TDF and EFV.

Virological failure on combination therapy may be
associated with resistance to one, two or all drugs in the
combination. Typically, resistance to one drug will
accelerate the development of resistance to the other
drugs, as the inhibition of virus replication is weakened,
and therefore the virus may actively replicate during
selective pressure of the remaining active drugs in the
therapy. Therefore, associated prevalence of NRTI and
nNRTI resistance mutations may not necessarily imply a
biochemical interaction. Still, some of the interactions that
were found were previously described, or are plausible
given the 3D structure of the enzyme. For interactions that
involve mutations which are not the most common
resistance mutations selected by specific drugs, a biological
reason is the most likely explanation, in particular when the
observed unconditional dependencies in the networks
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were found highly robust and involved similar positions in
bath neoworks. However, as it cannot be excluded that the
analyses were confounded, these interactions should be
confirmed with n-vitro experiments.

Limitations

Our analysis was limited in two important ways. First,
because only a fragment of reverse transcriptase is
routinely sequenced, we were unable to find mutations
outside this region that were involved in drug resistance
development such as the mutations recently reported in
the RNase H and connections domains [32]. Secondly,
for computatonal reasons, only polymorphisms with a
prevalence over 15% in nNRTI-naive patients were
included. It is conceivable that polymorphisms with a
lower prevalence may stll explain some subtype
dependencies that could not be explained (such as the
occurrence of 28K in subtype G).

Conclusion

Bayesian network learning proved a valuable tool to
untangle the simultaneous selection of mutations in
reverse transcriptase by two classes of inhibitors, and
contributed to identify novel mutations likely involved in
EFV and NVP resistance. Unlike for protease, subtype
dependencies in selection of resistance mutations are less
common and seldom explamned by interaction with
polymorphic residues. The Bayesian networks indicated
both known and novel interactions between nNRTI and
NRTI resistance mutations that exphin observed
interactions seen in different treatment combinations.
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Recognition profiles of microsporidian Encephalitozoon cuniculi

polar tube protein 1 with human immunoglobulin M antibodies
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SUMMARY

Microsporidian Encephalitozoon cuniculi has a unique
organelle called a polar tube ( PT), the extrusion of which is
absolutely required to invade a host cell. We recently detected
anti-E. cuniculi PT imnumoglobulin (Ig) M antibodies in
sera from many healthy individuals. The present ane-dimensional
(1-D) immunoblot analysis predominantly detected a band at
52 kDa in all of the examined human sera with anti-PT IgM.
The use of mouse monoclonal antibody vonfirmed that the
352-kDa band detected in 1-D immunoblots was an antigen
derived from the PT, which represents a glycoprotein nature.
In addition, from changes in the immunoreactivity of
the 52-kDa band before and after rreatment with NaOH, we
determined that the 24 human serum samples with anti-PT
IgM activities could be roughly grouped into three rypes:
(i) sera containing antibodies against only a saccharic
determinant (n = 3); (ii) sera containing antibodies against
only a proteinic determinant (n = 11),; and (iii) sera showing
dual recognition of saccharic and proteinic determinants
(n = 10). Further two-di I (2-D) immumoblot analysis
followed by proteomic analysis confirmed that human sera
with anti- PT IgM reacted with E. cuniculi polar tube protein
1 {PTPl) Such circulating IgM antibodies may be important
in the first line of defence against E. cuniculi infection.

Keywords antigenic determinant, Encephalitozoon cuniculi,
human TeM antibody, Microsporidia, polar tube
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INTRODUCTION

Encephalitozoon cuniculi is a spore-forming obligate mtracellular
parasitic pathogen belonging to the phylum Microsporidia
(1); it can also be a zoonotic parasite (2). Various animals
can be naturally infected by E. cuniculi and humans can also
be affected by this pathogen (3). However, most E. cuniculi
infections occur in human immunodeficiency virus (HIV)-
infected immunocompromised patients (2,4). A few cases of
E. cumiculi infection have also been reported in transplant
patients (2,5,6). Apart from an accidentally infected French
individual who had severe keraloconjunctivitis (7), no
symplomatic cases of infection with E. cuniculi among
immunocompetent persons have been described (2,4). Thus,
it is most unlikely that E. cuniculi causes microsporidiosis
in immunocompetent persons (2.4). In humans, it can be
regarded as an opportunistic pathogen (8,9).

We recently demonstrated immunoglobulin (Ig) M antibodies
against the polar tubes (PTs) of E. cumiculi in about 36% of
healthy people in Japan (10); by contrast, such IgM antibodies
were poorly detected among HIV-positive persons. The rate
of positvity for anti-PT IgM was significantly reduced with
increasing age and decreasing CD4 cell count. These seroep-
idemiological results clearly indicate that circulating anti-PT
1gM antibodies that are capable of strongly reacting with
filaments extruded from germinated spores exist, thus suggest-
ing that such antibodies may play a part in protective immunity.

The main objectives of this study were to provide further
information about the immunoreactivity of human anti-
PT 1gM and to identify the corresponding determinants using
one-dimensional (1-D) and two-dimensional (2-D) immunoblot
analyses, and other biochemical and proteomic means.

MATERIALS AND METHODS

Serum samples

Twenty-four human serum samples were used for this study.
These samples were collected from healthy individuals
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under the ethical considerations described in a previous
study (10).

As the positive control, serum samples from 11 infected
rabbits were also used for this study. All the rabbits were
sacrificed after approval from the breeding owners and were
microbiologically confirmed to carry the pathogen in organs
such as the brain and kidney. Isolated E. cumiculi spores
from the organs were identified by polymerase chain reaction,
as described before (11). The internal transcribed spacer
gene sequence revealed that the E. cumiculi isolates were all
classified into genotype 1.

In addition, |1 normal rabbit serum samples, which were
serologically negative, were used as the negative control.

Mouse monoclonal antibody

A mouse monoclonal antibody against the soluble antigen
of E. cumiculi PTs was generated using a hybridoma technique
(12), which was tentatively named MAb2 for this study.
After the second cloning, culture supernatants containing
MAD2 were employed in the present study. In a later study,
monoclonal antibodies from mouse ascitic fluids were available
and were classified as IgE (manuscript in preparation). To
detect IgE in this study, we used goat anti-mouse [gG +
M + A (H + L) and rabbit anti-mouse 1gG (H + L), which
were labelled with enzyme, as documented below. All the
reagents used could detect IgE, since they are also specific
for light chains,

Preparation of purified spores of Encephalitozoon cuniculi

Encephalitozoon cuniculi spores of strain HF (genotype 1)
were collected from the culture supernatants of infected RK
13 cells and purified using Percoll gradient centrifugation,
as described previously (10). Finally, separated spores were
filtered through Ultrafree-MC membranes (5-0 pm; Millipore
Corporation, Bedford, MA).

Enzyme-linked immunosorbent assay (ELISA)

As described in a previous paper (10), anti-E. cuniculi PT
antibodies were measured using a 96-well flat-bottom
microplate coated with germinated spores. Twofold dilutions
of each serum sample, starting a | : 50 dilution, were tested;
bound antibodies were detected by the secondary antibody
labelled with peroxidase (PO). Signals of PO bound to
human or animal antibodies were visualized using an ami-
noethyl carbazole substrate kit (Zymed Laboratories Inc.,
San Diego, CA). The following PO conjugates were used as
the secondary antibodies: rabbit anti-human IgM (p-chain
specific; QED Bioscience, San Diego, CA) for human IgM;
goal anti-mouse IgG + M + A (H + L; Zymed Laboratories)
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for mouse monoclonal antibody. Also, protein A/G-PO
conjugate (Prozyme Inc., San Leandro, CA) and protein
A-PO conjugate (Kirkegaard & Perry Laboratories, Gaith-
ersburg, MD) were used for detecting human IgG and
rabbit 1gG, respectively. Dilutions of the second reagents
were adjusted between 1 : 3000 and 1 : 5000,

1-D polyacrylamide gel electrophoresis (1-D PAGE)
Purified E cuniculi spores were suspended in an appropriate
volume of Laemmli sample buffer (Bio-Rad Laboratories,
Hercules, CA) containing 5% 2-mercaptoethanol (Bio-Rad)
and heated at 95°C for 5 min. After centrifugation at about
7800 g for 5 min, pellets were treated twice more with the
same buffer and the three supernatants were pooled. The
protein fraction of these pooled supernatants was desalted
using a NAP-5 column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). This soluble protein fraction was used
as an antigen for 1-D immunoblot analysis

Approximately 60 pg of the microsporidial soluble fraction
was electrophoresed vertically using 15% polyacrylamide
Ready mini-gels (Bio-Rad) under reducing conditions.

1-D immunoblot analysis

Electrophoresed spore proteins separated by 1-D PAGE
were transferred electrically onto polyvinylidene fluoride
(PVDF) membranes (immobilon transfer membranes; Millipore
Corporation). Blotled membranes were cut into strips of
about 4-mm width. Half of the strips were treated with a
0-055 M NaOH solution for 16 h a1 40°C to remove carbohy-
drate chains from glycoproteins, according to the method
described by Duk er al. (13). NaOH-treated strips were
washed exlensively with pure water,

All of the strips 1o be tested were treated with blocking
buffer (SuperBlock; Pierce Chemical Company, Rockford,
IL) and subsequently incubated with human sera, rabbit
sera or a culture supernatant containing MAb2. Dilutions
of human sera, rabbit sera and the supernatant to be tested
were |:100. Secondary antibodies labelled with alkaline
phosphatase (ALP) were used 1o detect primary antibodies:
goat anti-human IgM (p-chain specific; Kirkegaard &
Perry Laboratories) for human IgM; goat anti-rabbit IgM
(i-chain specific; Southern Biotechnology Associates,
Birmingham, AL) for rabbit IgM; rabbit anti-mouse 1gG
(H+ L; Zymed Laboratories) for mouse monoclonal
antibody. The secondary antibodies were used at dilutions
of 1:1000-1: 3000, Reactions with the primary antibodies
and the secondary antibodies were performed for 90 min
at room temperature with shaking. After extensive wash-
ing with phosphate-buffered saline containing 0-05% Tween
20 (PBS-T), antibody binding was detected using a BCIP/

© 2007 The Authors
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NBT phosphatase substrate kit (Kirkegaard & Perry
Laboratories).

For each human serum, mouse monoclonal antibody and
rabbit serum, the change in immunoreactivily between a
NaOH-treated strip and an untreated strip was observed.
In addition, the participation of a saccharic determinant in
an immunological reaction was determined.

Analysis of lectin—carbohydrate interactions

Using some of the NaOH-treated or NaOH-untreated strips
described above, the reactivities of various biotinylated
lectins were tested. For this test, a biotinylated lectin kit
1 (BK-1000; Vector Laboratories, Buringame, CA), con-
taining concanavalin A (ConA), Dolichos bifforus agglutinin,
peanut agglutinin, Ricinus communis agglutinin 1, soybean
agglutinin, Ulex europaeus agglutinin 1 and wheat germ
agglutinin, was used, Blots were incubated in a 20 pg/mL
solution of each biotinylated lectin, in accordance with the
manufacturer’s instructions, followed by a | ; 5000 dilution
of streptavidin-ALP conjugate (Molecular Probes Inc.,
Eugene, OR). A BCIP/NBT phosphatase substrate kit
(Kirkegaard & Perry Laboratories) was employed for colour
development.

2-D polyacrylamide gel electrophoresis (2-D PAGE)

To an approximately 5x 10" spore pellet, a 5% sodium
dodecyl sulphate (SDS) solution was added, and the suspen-
sion was boiled for 5 min. Proleins were precipitated by the
addition of trichloroacetic acid at a final concentration of
10%, washed once with cold 90% acetone, and dissolved
in sample buffer containing 8 M urea, 2% CHAPS, 1%
1.4-dithiothreitol (DTT; Wako Pure Chemical Industries,
Osaka, Japan), and 0-5% Pharmalyte (pH 3-10; Amersham
Biosciences AB, Uppsala, Sweden). To remove protein
aggregates, the protein solution was centrifuged and the
supernatants were used as samples for 2-D PAGE. Protein
concentrations were measured using a 2D-Quant kit
(Amersham).

Isoelectric focusing was performed using commercially
available Immobiline DrySirip gels (7cm, pH 3-10;
Amersham). Samples (about 50 pg of spore protein) were
loaded by rehydration for 15 h in a solution containing 8 m
urea, 2% CHAPS, 1% DTT and 0-5% Pharmalyte (pH 3-10).
Isoelectric focusing was performed using an Ettan IPGphor
IT IEF system (Amersham) for 11 519 Vh. Voltage profiles
were chosen according to the manual provided with the sys-
tem. After consecutive equilibration of gels in a 50 mm
Tris-HCI (pH 8-8) solution contaming 6 M urea, 30% glycerol,
2% SDS and 1% DTT for 15 min, separation in the second
dimension was performed using a mini-gel (10 % 10cm)
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electrophoresis system with 12-:5% Ready gels (Biocraft Inc.,
Tokyo, Japan), at 20 mA/gel.

N-terminal peptide sequencing

After 2-D PAGE, blotted proteins were stained with
BODIPY FL-X, SE (Molecular Probes). Prolein spots
corresponding to those recognized by serum samples were
excised and subjected 10 N-terminal sequence analysis in a
Procise 494 protein sequencer (Applied Biosystems, Foster
City, CA). Edman degradation was performed according to
a standard program supplied by Applied Biosystems. The
amino acid sequences obtained were compared to those of
known proteins in the GenomeNet BLAST2 NR-AA database
using the Web-accessible FasTa search program.

LC-MS/MS analysis

Spots assigned to immunogenic proteins were also excised
from 2-D gels as described above, Gel pieces were subjected
10 in-gel digestion using the procedure published by Hellman
et al. (14). Briefly, the protein in each gel plug was reduced
with 100 mm DTT for 30 min at 50°C, alkylated with
100 mu iodoacetamide (Wako Pure Chemical) for 30 min at
37°C, and digested with 25 ng/uL trypsin (Wako Pure
Chemical) overnight at 37°C. Peptides were extracted from
the gel by diffusion in a 507 acetonitrile solution containing
5% formic acid, vacuum-dried, and then reconstituted in
20 pL of 0-1% trifluoroacetic acid. Extracted peptides were
loaded on @ high-performance liquid chromatography
system (LC; MAGIC2002, Michrom BioResources Co. Lid,
Auburn, CA), eluted using an acetic acid-acetonitrile gradient,
and directly injected into an LCQ ion trap mass spectrometer
(MS; LCQ-Deca XP, Thermo Electron Co, Lid, San Jose,
CA) fited with a nanoelectrospray ionization source, and
operated in the positive ion mode MS/MS spectrn were
acquired using data-dependent scanning, processed using
the sequesT software program, and then searched against
the NCBI NR database.

2-D immunoblot analysis

Spore proteins separated by 2-D PAGE were transferred
onio PVDF membranes (ProBlot membranes, Applied
Biosystems). Blotted membranes were treated with blocking
buffer (SuperBlock) overnight at 4°C. Representative human
sern were used as primary antibodies at a dilution of 1 : 100.
ALP-labelled anti-human IgM (ji-chain specific; Kirkegaard
& Perry Laboratories) was used as a secondary antibody at a
dilution of 1 : 1000. Reactions with the primary and secondary
antibodies were performed for 2 and | h, respectively, at room
temperature with shaking. After extensive washing with
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PBS-T, antibody binding was detected using a BCIP/NBT
phosphatase substrate kit (Kirkegaard & Perry Laboratories).

As a positive control, we used a pool of 11 sera from
infected rabbits at a dilution of | : 400. In addition, a pool
of 11 sera from normal rabbits was used as a negative con-
trol al the same dilution. A culture supernatant containing
MADb2 monoclonal antibody was also used at a dilution of
1 : 100 for epitope analysis To detect these primary antibodies,
ALP-labelled protein A (Zymed Laboratories) and ALP-
labelled rabbit anti-mouse IgG (H + L; Zymed Laboratories)
were used for rabbil IgG and the monoclonal antibody,
respectively, at a dilution of 1 : 1000.

RESULTS

Measurements of anti-PT antibodies in the ELISA test

Twenty-four human serum samples used for this study
revealed anti-PT IgM activities at titres between 1 : 200 and
| : 1600 in the ELISA test. Figure 1(a) shows filaments that
are strongly immunostained with IgM antibodies in the
serum H-168. All samples except for H-197 had IgG antibody
activity for extruded filaments below 1 : 50. However, the
positive signal of H-197 was very weak, even at lower dilutions,
probably because of the use of protein A/G conjugate as a
secondary antibody.

Figure 1(b) shows filaments immunostained with IgG
antibodies in a rabbit serum, which was used as a positive
control for ELISA testing. The culture supernatant showed
monoclonal antibody (MAb2) weakly immunostained
filaments when it was tested by ELISA (data not shown).

Immunoreactivity of human sera on 1-D blots before
and after treatment with NaOH

All 24 human serum samples generated clearly positive signals
of an 1gM antibody on a band migrating at 52 kDa in the 1-D
immunoblot analysis without NaOH treatment (Figure 2;
odd-numbered strips). Besides the positive signals for this
52-kDa band, which was MAb2-positive (strip P1), most sera
also reacted with some bands below 52 kDa; however, the extent
of staining was very weak, especially in bands below 28 kDa.

Using the 24 human serum samples, changes in 1gM ant-
body binding were examined on 1-D blots before and after treat-
ment with NaOH. When 1-D blots treated with NaOH were
used for testing, the same human sera were divided into three
groups based on the degree of immunostaining of the 52-kDa
band: (i) 11 sera showed almost unchanged antibody binding
(Figure 2; strips 6, 8 and 10); (ii) three sera showed no antibody
binding (Figure 2; strips 2 and 4); and (iii) 10 sera showed sig-
nificantly reduced antibody binding, resulting in the formation
of faint or thin bands (Figure 2; strips 12, 14 and 16)

16
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Figure 1 Immunostaining of filaments (PTs) that extruded from

E cuniculi-germinated spores with human IgM antibodies or rabbit
1gG antibodies. {(a) Positive results obtained by o | : 200 dilution
of H-168 human serum. Note the strongly positive signals on
filaments that extruded from the germinated spores. (b) Positive
results obtnined by a | : 400 dilution from a symptomatic rabbit
with natural E cuniculi infection. Note the positive signals on the
spore wall and the filament. Bars, 10 pm

Culture supernatant containing MAbB2 strongly reacted
with a band at 52 kDa (Figure 2; strip P1). A serum from a
naturally infected rabbit generated IgM antibody-positive
multibands between 28 and 96 kDa, and also a few bands
around 19 kDa (Figure 2; strip P2). However, the rabbit
serum did not show any reduced influence in 1gM antibody-
binding of the 52-kDa band, even after NaOH treatment
(Figure 2; strip P3).

Reactivities of ConA and mouse monoclonal antibody on
1-D blots before and after NaOH treatment

When untreated 1-D blots were used, ConA was the only

one of seven lectins that revealed clearly positive binding o

C 2007 The Authors
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52 kDa

band

Figure 2 Binding profiles of human sera with anti-PT IgM antibody activities. Encephalitozoon cuniculi spore antigens were fractionated by
1-D PAGE and transferred to a PVDF membrane. Blotted strips before and after NaOH treatment were prepared and allowed to react with
human serum samples followed by an anti-human 1gM (p-chain specific)-ALP conjugate. Odd-numbered strips and the Pl- and P2-labelled
strips were untreated, but even-numbered strips and the P3-labelled strip were treated with NaOH. Strips were reacted with each serum sample
in pairs, starting from no. |. M is a strip for markers of molecular weight (Prestined SDS-PAGE standards, Bio-Rad); P1 ts a strip that reacted

with MADB2; P2 and P3 are strips that reacted with a rabbit serum.

a 52-kDa band (data not shown), However, ConA did not
bind at all to 1-D blots treated with NaOH (Figure 3; strip 2).

As seen on strip Pl in Figure 2 and strip 3 in Figure 3,
MAbB2 bound to the 52-kDa band on 1-D blois untreated
with NaOH. However, MAb2-binding was not influenced
by NaOH treatment at all (Figure 3; strip 4).

The location of the ConA-stained band on blotted strips
was consistent with those bands detected by the monoclonal
antibody (Figure 3). However, the band stained with ConA
was always slightly thinner than bands detected by MAb2Z,
suggesting that the PTP1 may be a mixture of different
glycosylated and unglycosylated forms, which s likely to be
slightly polydisperse in electrophoresis.

Identification of some proteins immunoreactive for haman
sera on 2-D blots

Eleven protein spots on a 2-D blot of E cuniculi antigens
were identified (Figure 4a, Table 1). Two of these spots, nos
| and 2, had the same molecular size but different isoelectric
points; these were identified as £ cuniculi polar tube protein
(PTP), because both structures contained the peptide
sequence ATALXSNAYGLTPGQQGMAQ by N-terminal
amino acid sequencing. This has 90% sequence homology
with the peptide sequence ATALCNAYGLTPGQOQGMAQ
of £ cuniculi genotype | (GenBank Accession No. AF310677)
and was identified as PTP1 of E cuniculi (SWISS-PRT

© 2007 The Authors
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Figure 3 Binding profiles of ConA lectin and monoclonal antibody
(MAB2) on 1-D blots. Encephalitozoon cuniculi spore antigens were
fractionated by |-D) PAGE and transferred to a PYDF membrane.
Blotted strips before and after NaOH treatment were prepared and
allowed 1o react with ConA lectin and monoclonal antibody
(MAb2), Odd-numbered strips were untreated, but even-numbered
strips were treated with NaOH. Strip nos | and 2 and strip nos 3
and 4 were reacted with ConA and MAb2, respectively. M is

a strip for markers of molecular weight (Prestained SDS-PAGE,
Bio-Rad).
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Figure 4 2-D immunoblot analysis.
Encephalitozoon cuniculi spore antigens
were fractionated by 2-D PAGE and
transferred to PYDF membranes

{a) BODIPY FL-X staining: a blotted
membrane is stained with the dye. Proteins
extracted from 1] dye-stained spots (circles)
identified by sequence analysis. (b-d)

incubated with H-168 serum (b), H-197
serum (c) and PRS (d). In the blotted
membranes incubated with human sera
(H-168 and H-197) containing anti-PT IgM
antibodies, note the two acidic proteins

( heads) peedominantly | y
at 52 kDa; these proteins correspond to
PTPI spots capable of being stained with
BODIPY FL-X, as seen in Figure 4(a).

1

Table 1 Human sera-immunoreactive spols in E cunicwli identified by N-terminal amino acid sequencing (NTAAS) and LC-MS/MS

Immunoreactivity® with

Agcession no, Sequence Method of _
Spot no. Protein (Swiss-Prot, NCBI) coverage (%) identification 168 197 PRS
| Polar tube protein | sp. PTPIENCCU NTAAS 3+ 3+ 4+
2 Polar tube protein | sp. PTPIENCCU - NTAAS 3+ 3+ 4+
3 Polar tube protein 2 gi: 19074274 213 LC-MS/MS I+ ] 2+
4 Transiation elongation factor la g 19074188 3p-as LC-MS/MS 0 0 1+
5 Spore wall protem | gi: 19074777 9-78 LC-MS/MS (] 0 2+
6 Hypothetical protein gi: 19173268 42-86 LC-MS/MS " D 0 1+
7 Zing finger protein gi: 19074227 2581 LC-MS/MS 1+ + 0
8 Similarity to HSP 70-related protein gi: 19073931 29-55 LC-MS/MS + 0 :
9 Heat shock-related 70 kDa protein gi: 19173012 2313 LC-MS/MS 0 0 - -
i Phosphomannomutase g 19173562 24-22 LC-MS/MS 0 0 0
11 6S proteasome § chain gi: 19173680 1767 LC-MS/MS 0 0 I+

*Immunoreactivity was ex d by 2-D i bi

rabbit sera), The resultant intensity of each spot isscored s 0, £, I+, 2+,

PRS was used ns a positive control for 2-D immunoblot analysis.

ting using human sera (H-168 and H-197) and rabbit sera (PRS — a pool of infected
3+ or 4+ (0, negative; £, ambiguous; 1+ to 4+, graded positiveness)

*$pot no. 10 seems not to react with either human or rabbit samples, but was identified as a nonimmunogenic protein m this study.

database: PTPIENCCU). This finding makes it clear that
the 52-kDa PTP1 has more than one isoform.

H-168 and H-197 sera predominantly reacted with some
spots that corresponded to PTP1 at 52 kDa (Figure 4b.c).
These sera were examined as representative human sera with
anti-PT IgM activities. H-168 serum also reacted with other
protein spots, such as PTP2 and zinc finger protein
(Figure 4b, Table 1), Such a positive reaction to zinc finger

18

protein was not generated by a pool of sera from |1 naturally
infected rabbits (PRS; Table 1),

When IgG antibodies in PRS were used as a positive con-
trol for 2-D immunoblot analysis, they reacted with spots
that corresponded to PTP1, PTP2, spore wall protein 1,
transiation elongation factor let, hypothetical protein and
6S proteasome C chain in decreasing order of strength, as
identified by LC-MS/MS analysis (Figure 4d, Table 1).

© 2007 The Authors
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However, the rabbit 1gG antubodies reacted very weakly
with spots that corresponded to heat shock-relaied 70-kDa
proteins (HSP70) and a protein with similarity to HSP70-
related protein (Figure 4d, Table 1). Although a zinc finger
protein and phosphomannomutase were also identified by
LC-MS/MS analysis (Figure 4a), the corresponding spots
were negative for rabbit 1gG antibodies (Figure 4d, Table 1).
IgG antibodies in a pool of 11 normal rabbit sera did not
react with 2-D blots (data not shown).

Culture supernatant containing monoclonal antibody
MAD2 reacted strongly with some spots of PTP1 at 52 kDa
(data not shown).

DISCUSSION

All of the members of Microsporidia possess a unigue,
highly specialized structure, the PT, which is an organelle for
invasion (15). Encephalitozoon cuniculi PT consists of three
proteins: PTP1, PTP2 and PTP3 (16). The PTPI is the
major component of the PT and it is modified by O-linked
mannose residues to which ConA binds (17).

In respect to antibodies against Encephalitozoon PT in
Immunaocompetent persons, it has been reporied that anti-£,
intestinalis PT was demonstrated in 8% of Duich blood
donors and 3% of pregnant French women (18). Further
study has demonstrated that carbohydrate moieties of the
microsporidian PTPs are targeted by IgG in immunocompetent
individuals (19). On the other hand, our study clearly
indicates that the major activities of human anti-PT 1gM
antibodies are predominantly towards E. cuniculi PTPI,
which is an acidic protein with an apparent molecular
weight of 52kDa in 2-D immunoblot analysis (Figure 4).
Also, two chemically different antigenic sites can be
found on the 52-kDa band in 1-D immunoblot analysis
{Figure 2): proteinic determinant and saccharic determi-
nant, as discussed below. In addition, although other few
protein spots, such as PTP2 and zinc finger protein, weakly
reacted with H-168 serum by 2-D immunoblotting, they
did not appear to be effectively antigenic as compared to
PTPI (Table 1).

To analyse immunoreactivity of human anti-PT 1gM with
two different determinants, we used NaOH treatment capable
of removing glycoepitopes from blotted antigens. Xu er al.
(17) employed blots treated with 01 N NaOH at 50°C for
40 min to eliminate ConA binding to E. hellem PTPI. In
our case, ConA binding to £ cuniculi PTP1 blotted onto a
PVDF membrane was successfully eliminated by treating
the blots with 0-05 M NaOH at 40°C for 16 h, conditions
that were established by Duk et al. (13).

From the reactions of anti-PT 1gM to the 52-kDa band
after NaOH treatment, we could roughly group human sera
into three categories when examined by 1-D immunoblotting:

© 2007 The Authors

Human IgM amibodies to microsporidia

sera showing a completely negative profile; sera with a positive
profile that was unmodified by NaOH treatment; and sera
indicating a significantly reduced profile (Figure 2). Sera
showing completely negative profiles are interpreted to have
reacted with only a ConA-reactive determinant of PTP]
(Figure 2, strips 1-4). On the other hand, sera with a positive
profile that was unmodified by NaOH treatment are inter-
preted to have reacted with only a proteinic determinant
(Figure 2; strips 5-10). Interestingly, 41:3% (10/24) of the
examined human serum samples belonged to the group with
a significantly reduced profile. It was obvious that the
significant reduction in binding after NaOH treatment
resulted from the removal of the ConA-reactive determinant
(Figure 2; strips 11-16), suggesting that this type of anti-PT
1gM can recognize the saccharic determinant as well as the
proteinic determinant. Thus, human anti-PT IgM could
recognize the two determinants alone or in a pair, depending
on serum used.

In a previous study (10) and also in this study, we confirmed
that representative human sera with anti-PT IgM (H-168
and H-197) strongly immunostained the outer surface of
filaments extruded from spores (Figure la). Our monoclonal
antibody (MAD2) that could immunostain extruded PTs by
ELISA definitely recognized the 52-kDa band by 1-D
immunoblotting (Figures 2 and 3) and the PTP1 spots by 2-
D immunoblotting (data not shown). Monoclonal and/for
polyclonal antibodies raised to the purified Encephalitozoon
PTPI demonstrated reactivity with PTs by immunofluores-
cence and immunogold electron microscopy (17), indicating
the presence of glycoconjugates in the PT. It has been
proposed that the lipophilic regions of the PTPs adhere 1o
the filament membrane and that the hydrophilic regions are
onentated into the aqueous extrasporal environment (20). Thus,
human anti-PT IgM-reactive determinants (constituted
of saccharic and proteinic determinants and located on
PTPls) would be concentrated on the outside of the PTP
coated on the surface of extruded filaments

Regarding the specificity of anti-PT IgM in human sera,
a previous study revealed that they did not react with
extruded filaments from germinated E hellem or E. intestinalis,
indicating that human anti-PT IgM is species-specific (10),
This finding was not in disagreement with previous findings
that human sera containing anti-E. intestinalis PT 1gG
antibody activity did not immunostain filaments extruded
from E euniculi or its PTP1 (19). One may consider that
there is a cross-reactive relationship between microsporidian
spores and fungal spores, beciause Microsporidia are
phylogenetically related to fungi (21). However, apart from
saccharic determinants, using an enzyme-linked immunosorbent
assay, we found that MAb2 specific for E. cuniculi PTP1 did
not cross-react with Laemmli sample buffer-extracted soluble
antigens from the following fung1: Candida alhicans, Fusarium
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