Screening of SNP in association with the susceptibility to
HCV-DCM in seven candidate genes

To identify the susceptibility gene, we examined SNPs in each of the
candidate genes and compared their individual as well as their
combined (haplotype) frequencies between the HCV-DCM patients
and control individuals (Table 2). Of 16 HLA-B and 9 HLA-Cw
alleles assigned by SBT method in HCV-DCM patients, HLA-
B¥0702 (OR =396, P =0.022, Pc =0.356) and HLA-Cw*0702
(OR = 3.00, P = 0.019, Pc = 0.192) showed marginally significant
associations with HCV-DCM. Additionally, of the seven non-HLA
genes, we analyzed five genes, TNF, LTA, NFKBIL1, ATP6V1G2,
and BATI, in the SNP study and found three SNPs strongly asso-
ciated with HCV-DCM; a T insertion at the position —421 of the
NFKBIL1 promoter (NFKBILIp*—421insT) (OR = 4.25, P = 0.003,
Pc = 0.006), an A to T substitution at the position +760 of the
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ATP6VIG2  (ATP6VIG2*+760T) (OR =425 P = 0.003,
Pc = 0.006), and a fifth polymorphic haplotype (BATIp*05) of the
BATI promoter (OR = 4.25, P = 0.003, Pc = 0.006) (Table 2). The
NEKBIL1p*~421insT and ATP6V1G2*+760T are characteristic
polymorphisms of the NFKBILIp*02 and ATP6VIG2*3 alleles,
respectively, which exhibited equivalent associations with HCV-
DCM (Table 2). In contrast, neither TNF nor LTA polymorphisms
showed significant association with HCV-DCM (data not shown).

Pairwise LD mapping around the candidate region in the
Japanese population

Interestingly, the combination of the non-ZILA gene alleles, consist-
ing of NEKBILI1p*02, ATP6V1G2*3, and BATI1p*05, which were
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Fig. 1. The susceptibility gene mapping for hepatitis C virus-associated dilated cardiomyopathy (HCV-DCM) and HCV-hypertrophic cardio-
myopathy (HCV-HCM) with microsatellite markers throughout the human major histocompatibility complex genomic region. Corrected P (Pc)
value with logarithmic scale and odds ratio (y-axis) were plotted against physical location of the microsatellite markers on chromosome 6p21.3 (x-axis), their
distance (in kb) in order from centromere to telomere. The dotted horizontal line shows the threshold for 5% significance after correcting for multiple testing.
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significantly associated with HCV-DCM were tightly linked as a non-
HLA haplotype block in a one-to-one correspondence in both patients
and controls. This linkage was expected to result from a character-
istic LD relationship in Japanese. We, therefore, evaluated the LD
indexes for the specific LD block using other 15 polymorphic
markers around the central MHC genomic region in the
Japanese controls (Table 3). The pairwise LD mapping confirmed
that these three alleles are in complete LD with each other,
showing LD index being 1.0 for I’ and 1.0 for #2 In addition,
HLA-B*0702 was in strong LD not only with HLA-Cw*0702
(Y = 1.0, #* = 043) but also with this non-HLA haplotype block
(I = 1.0, 7 = 0.59).

The risk evaluation of the patient-shared block in HCV-DCM

We subsequently evaluated the non-HLA haplotype block as the
main risk marker for HCV-DCM (Table 4). The analysis showed
that a higher risk was conferred by Hap A (OR = 6.75,
P = 0.0003, Pc = 0.0081) from the MHC class III - class I boundary
region than by Hap B (OR = 396, P = 0.02, Pc = 0.40) from the
MHC class I region. This strongly suggests that the disease suscept-
ibility to HCV-DCM is controlled mainly by the non-HLA genes in
the MHC class Il ~ class I boundary region rather than by the
classical HLA class 1 genes. The strong LD between TNF gene
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cluster and NFKBIL1-BAT1 block also prompted us to examine a
synergistic risk for HCV-DCM between TNEFp*A-LTA*1 and
NFKBILIp*02-ATP6V1G2*3-BATI*05-C1-24*242-STR-MICA*183
by two-locus-analysis method of Svejgaard and Ryder (31). However,
no synergistic risk between the haplotypes was found (data not
shown). In light of location of the polymorphic markers composing
of Hap A, the primary susceptibility locus could be narrowed
down to approximately 133-kb interval between the NFKBILI and
MICA genes.

Discussion

It is well established that the HLA genes in the MHC have an
important role in the regulation of immune response to acute and
persistent HCV infection. The aim of this study was to investigate
whether the non-HLA genes and HLA genes in the MHC might be
associated with the susceptibility to HCV-DCM and/or HCV-HCM.
Our MHC region-wide association study mapped the HCV-DCM
susceptibility locus to the region spanning from NFKBILI to
MICA within the MHC class IIT - class I boundary region. In addi-
tion, the polymorphisms located around this boundary region were
in LD with the classical HLA-B and HLA-Cw class I gene alleles.
These observations suggest that the susceptibility to HCV-DCM may
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Assoclations of candidate gene polymorphisms relevant to hepatlils C virus-assoclated dilated cardiomyopathy susceptibllity within the central major histocompat-

Ibllity complex reglon

Genotype?
Cases (n = 21) Controls (n = 120) Carriers versus non-carriers
Marker ++ +- -= ++ +- - OR 95% Cl P Pc
Allele
NFKBIL1p*02 1 8 12 0 18 102 4.25 1.57 -11.54 0.003 0.014
ATPBV1G2*3 1 8 12 0 18 102 4.25 1.567-11.54 0.003 0.008
BAT1p*05 1 8 12 0 18 102 4.25 1.67-11.54 0.003 0.014
HLA-B*0702 0 6 15 (o} 11 109 3.96 1.28-12.29 0.022 0.356
HLA-Cw*0702 1 8 12 0 24 96 3.00 1.13-7.94 0.019 0.192
Polymorphism
—421insT of NFKBIL1 1 8 12 0 18 102 4.25 1.67 -11.54 0.003 0.005
+760T of ATPEV1G2 1 8 12 0 18 102 4.25 1.57 -11.54 0.003 0.005
24+, homozygous carrier with the targeted polymorphisms; +—, heterozygous; ——, non-carrier

Table 2

be controlled by the non-HLA genes in LD with the HLA class I gene
alleles rather than the HLA genes.

The mapped candidate susceptibility gene locus for HCV-DCM
within the MHC class III - class I boundary region overlaps the
susceptibility/resistance loci for some autoimmune diseases, such as
rheumatoid arthritis (14) and insulin-dependent diabetes mellitus
(32). Some candidate genes within the class IIT — class I boundary
region that control the susceptibility to HCV-DCM encode molecules
that are probably involved in immunity and inflammation. For
example, NFKBIL1 gene encodes a I-kappa-B-like molecule (33),
which localizes within nuclear speckles (34). The product of
ATP6VI1G2 gene responds to IL-1 as a subunit of vacuolar ATPase
H* pump and modulates macrophage effector functions (35, 36). The
role of the BAT1 proteins is less well defined, but they may act as
negative regulators of an inflammatory cytokine (37) and effect cell
proliferation in various human tissues including the heart (38). MICA
and MICB genes exhibit a restricted expression pattern on cell in
stress like those after viral infection (39-41) and may play a role in
HCV infectious status as ligand of NKG2D (42, 43). These reported
functions for the five non-HLA genes around the MHC class III - class
I boundary region are helpful in explaining the genetic background of
HCV-DCM, but cellular studies are clearly needed to determine the
direct effect of HCV infection on the activity and the role of NFKBILI,
ATP6V1G2, BATI, MICB, and MICA genes in the heart.

The candidate susceptibility locus identified in this study con-
tained several functional SNPs, which might regulate transcriptional
efficiency of the candidate genes. One such interesting SNPs is

NFKBILIp*—62T/A that lies within an E-box-binding motif
(CANNTG) for transcriptional factors, E47 and USF1 (44). Second,
the sequence spanning BATIp*-22G/C (GCAGAT) and
BATIp*~348C/T (CCAT) is known to affect the BATI expression
via direct interaction with their transcriptional factors, Octl and
YY1, respectively (45). These muitiple functional polymorphisms
may therefore combine functionally to increase the risk of DCM
under the HCV infection. There were, however, still many ethnically
characteristic and/or functionally unknown promoter polymorph-
isms other than the aforementioned SNPs. A transgenic mouse
study revealed that the HCV-core protein is directly involved in the
development of cardiomyopathy (46). The extent to which such
polymorphisms influence the pathogenesis of HCV-DCM is a subject
of further study.

Despite the same viral etiology, HCV involvement in cardiomyo-
pathy can result in two distinct clinical outcomes, HCV-DCM and
HCV-HCM, and a difference in the association with the MHC was
revealed in this study. Whereas the microsatellite markers displayed
a significant association of a particular MHC subregion with HCV-
DCM, there was no significant association between the MHC and
HCV-HCM. The HLA haplotypic markers in association with HCV-
DCM are in strong LD with B¥0702-Cw*0702, which are in LD with
DRBI1*0101-DQBI1*0501 in Japanese (47). However, these HLA
alleles were not associated with HCV-associated liver diseases (22).
In addition, a tendency toward severe HCV-infection status in
Spanish whites was associated with HLA-DR3-MICA-A4-HLA-
B*18 (48); however, HCV-DCM patients in the present study showed
205

Tissue Antigens 2005: 66: 200-208



: Association of the NFKBIL1-related haplotype with HCV-DCM

Shichi et al

& 219v]

Jaddn 3y} u (1) uonE|aLI0D UOSIeD PuR 3(BUBI Yo} JBMO| BU] Ul {(J) UONRID1I00 URUOMST 4O XSpU} (7 DY) SB UMOUS S} (7 40 93.83p YL "U0IBaIgNS | SS8J0 0} [I] SSeJo Xxa1diuoa A

"paxoq aie (7 1594B1Y U1 LM UOIBSI {If SSBIO U3 WY SBUSB JO 400l G PIIOS BUL PO < . ‘8'0 < (7 (1 BUOAS BU) SBIRAIPUI JQUINU PlOg “BiBueLl 1B

Iledwodolsiy Jofew woly Japio ul pauousod sem Jaxsew osydiowiiod yoe3

- 00T 100 00'T 180  Ov0 6L°0 0E°0 6170 810 L0 50 800 TTO 220 IEZxrHZO
IT0 - v€°0 00'T 680  6v0 vr°0 or'0 190 190 290 9’0 190 0T 950 ZOLO¥MOVIH
ZTo 900 - 00'T 4 ov°0 sz'0 82°0 790 790 790 120 9T0 S50 810 00Z+GTTO
500 £V €270 - 00T 00T 00'T 00T 001 00'S 00'T 00T 00T 007 00T  Z0L0+8¥TH
900 %90 800 £5°0 - 090 050 v5'0 290 290 290 oro 690 GO 990 SZZI+TI
100  1T0 010 0’0 vE0 - £5°0 6E0 950 S50 590 050 920 00T 97°0 9EEXAIN
600  ¥10 v0'0 zeo 10 810 - ve'0 99°0 990 99°0 920 0T0 SEO €2°0 E8T+VIINYIS
€00 900 v0°0 z1o 00  ¥0°0 00 - 06'0 060 060 £80 080  I¥°0 S80  ZrZxVZTO |0
g00  EE0 ¥1°0 65'0 vE0 920 ¥Z'0 9710 - 00T 00T 980 00T 00T 00T GO+dTive
G900  €£0 vT'0 65°0 vE'0 920 vZ°0 9T'0 00T - 00'T 880 00T 00T 00T  E£+Z9TAYLY
G900  €€0 10 650 vE'0 9z'0 vZ'0 910 00T 00'T - 98¢ 00T 00T 00T  ZO+OTTEN
900 TTO 700 sz'0 800 €10 500 ge'0 ze0 zeo ZE0 - €80 g0 S6°6  GTT«EdN.
T00 SO0 700 900 %00 100 100 €0 oT'0 ) 0T0 910 - 900 65°0 Tl
T00 000 ¥0'0 €00 700 900 100 sTo 900 00 500 v0'0 000 - 9r'0 VNI
€00 900 T0°0 600 100 %00 T0°0 g0 v1°0 v1°0 1470 0£'0 €Z0 6T - OETPINL
TEC  Z0L0 00Z+STTO ZOLOxGYIH SZZ+T-I0 9EExGIN EGTxVOINULS ZrZxYZTI SO+ITIVE €xZDTAGLY ZOxOTUMIN STTxBINL TaVLT WxlINL OET#PiNI snooT

*PPTI AMOYIH
g

sienpjajpuj esoueder oZT 103 [90] Aniay

AyredoA:

Ly pojelip poje;

1A O spileday jo sisAjeue (@) wnuqnbasip sSeyuy asmied

Tissue Antigens 2005: 66: 200-208

206



Haplotype structures composed of significantly increased markers and single nucleotide polymorphlsms {SNPs) in HCV.
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|ated dilated diomyopathy

Diplotype®
Cases (n = 21) Control (n = 120) Carriers versus non-carriers
Haplotype ++ +— - ++ +— - OR 95% Ci P Pe
Hap A (MHC class 1l - class | boundary region side) o o o o T o
NFKBIL1p*02-ATP6V1G2*3-BAT1p*05-STR-MICA*183 1 8 12 0 13 107 6.17 2.19-17.45 0.0005 0.0131
Hap B (MHC class | region)
B*0702-Cw*0702 o] 6 15 0 11 109 3.96 1.28-12.29 0.02 0.40
a4 4+, homozygous carrier with the targeted haplotypes; +—, heterozygous; ——, non-carrier

Table 4

a different association with the DRB1*0101-STR-MICA*183 (also
known as MICA-A5.1)-B*¥0702 haplotype. These haplotypic differ-
ences may indirectly reflect the genetic diversity among non-HLA
genes that define each HLA haplotypes. Thus, these observations
support the view that distinct genetic factors can affect the clinical
outcome by regulating pathogenic pathway after the viral infection.

In summary, our susceptibility gene mapping showed that the
non-HLA gene block consisting of the NFKBIL, ATP6V1G2, BATI,
MICB, and MICA genes within the MHC class III - class I boundary
region was strongly associated with the susceptibility to HCV-DCM,
whereas there was no significant association between the MHC
genomic region and HCV-HCM. Through the disparity in the dis-
ease-associated HLA markers, we hypothesize that HCV-DCM and
HCV-HCM have at least two distinct pathogenic mechanisms in
relation to the MHC-meditated immune response, although the
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Genotypes at chromosome 22q12-13 are associated
with HIV-1-exposed but uninfected status in Italians

Yasuyoshi Kanari®, Mario Clerici®, Hiroyuki Abe?, Hiroyuki Kawabata?,
Daria Trabattoni®, Sergio Lo Caputo®, Francesco Mazzotta®, Hironori
Fujisawad, Atsuko Niwa?, Chiaki Ishihara®, Yumiko A. Takei’ and
Masaaki Miyazawa®

Objective: Despite multiple and repeated exposures to HIV-1, some individuals
possess no detectable HIV genome and show T-cell memory responses to the viral
antigens. HIV-1-reactive mucosal IgA detected in such uninfected individuals suggests
their possible immune resistance against HIV. We tested if the above HIV-1-exposed but
uninfected status was associated with genetic markers other than a homozygous
deletion of the CCR5 gene.

Methods: Based on our mapping in chromosome 15 of a gene controlling the pro-
duction of neutralizing antibodies in a mouse retrovirus infection, we genotyped 42
HIV-1-exposed but uninfected ltalians at polymorphic loci in the syntenic segment of
human chromosome 22, and compared them with 49 HIV-1-infected and 47 uninfected
healthy control individuals by a closed testing procedure.

Results: A significant association was found between chromosome 22q12-13 geno-
types and a putative dominant locus conferring anti-H{V-1 immune responses in the
exposed but uninfected individuals. Distributions of linkage disequilibrium across
chromosome 22 also differed between the exposed but uninfected and two other
phenotypic groups.

Conclusions: The data indicated the presence of a new genetic factor associated with
the HIV-T-exposed but uninfected status. © 2005 Lippincott Williams & Wilkins
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Introduction [1-3]. There are individuals who show strong HIV-1

antigen-specific T-lymphocyte responses and HIV-1-

The absence of clinical progression in some HIV-1-
infected individuals and the lack of a detectable HIV-1
genome despite multiple and repeated exposures to this
virus in some groups of people are noteworthy
phenomena when considering the development of
preventative and therapeutic means to HIV infection

reactive mucosal IgA production despite the absence
of detectable plasma HIV-1 RNA and HIV-1 ¢cDNA
from peripheral blood mononuclear cells (PBMC) [4-6].
HIV-1-neutralizing activity exerted by the IgA isolated
from some HIV-1-exposed but uninfected individuals
(EUI) [7-9] has suggested a possible contribution of the
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host immune responses to the resistance against HIV
infection. However, genetic factors that may influence
the observed T-cell priming and the production of
anti-HIV-1 IgA without the establishment of HIV
replication are currently unknown.

Host genetic factors influencing viral entry and replica-
tion and antiviral immune responses have been exten-
sively studied in mouse models of retroviral infections,
among which the best analyzed is Friend mouse leukemia
virus complex (FV) [10-13]. Host gene loci that control
the entry and replication of FV in the target cells have
been identified [14—17]. In addition, MHC class II loci
directly restrict the T-helper cell recognition of the viral
antigens [18-20], while a class I locus influences the
production of cytokines from virus-specific T cells [21].
Another locus that has been mapped to chromosome 15
strongly influences the persistence of viremia after FV
infection [12,22-25]. However, the possible relationship
between the above persistence of viremia and production
of virus-neutralizing antibodies has not been directly
examined. Here we have performed linkage analyses on a
mouse locus that influences the production of virus-
neutralizing antibodies upon FV infection. An extension
of this mouse study unexpectedly led us to find human
chromosomal markers that are associated with the
presence of HIV-1-reactive immune responses in HIV-
uninfected individuals.

Methods

Mice, virus, and assays for neutralizing
antibodies :

B10.A and A/WySn mice were purchased from
Japan SLC, Inc.,, Hamamatsu, Japan and The Jackson
Laboratory, Bar Harbor, Maine, USA, respectively. The
Fj crosses and backcross mice were bred and maintained
at Rakuno Gakuen University and Kinki University
School of Medicine under specific pathogen-free
conditions. The following experiments were approved
by and performed under guidelines of each university. FV
was prepared and inoculated as described [18,20-27].
FV-neutralizing antibodies were titered by immuno-
enzymatically visualizing foci of virus infection as
described [20,26,27].

Analyses of simple sequence length
polymorphisms (SSLP) and linkage mapping in
mice

Genomic DNA was prepared from the tail tip of
each mouse using DNeasy Tissue Kit (QIAGEN GmbH,
Hilden, Germany). A pair of oligonucleotide primers
for each microsatellite locus was designed based on
the sequence information listed in the Genetic and
Physical Maps of the Mouse Genome site (http://www-
genome. wi.nit.edu/cgi-bin/mouse/) and ordered from

QIAGEN GmbH. Fifty nanogrmas of each template
DNA was subjected to 35 cycles of PCR amplification
using a recombinant Tag polymerase (Invitrogen Life
Technologies, Carlsbad, California, USA). PCR products
were separated by electrophoresis in 4% agarose gel
and visualized by ethidium bromide staining. Correlation
between genotypes at each examined locus and the
presence or absence of virus-neutralizing antibodies
was analyzed by Pearson’s x> test. Map orders of the
chromosomal loci and log-of-the-odds (LOD) scores
were determined by multipoint analyses using
MAPMAKER/EXP version 3.0b (The Whitehead
Institute, Massachusetts, USA).

EUI and HIV-1-infected individuals

Forty-two heterosexual couples discordant for HIV-1
serostatus were enrolled. The female partner was HIV-1-
infected in 32 couples, whereas the male partner was
HIV-1-infected in the remaining 10 couples. The
diagnosis of HIV-1 infection was made based on
the detection of plasma HIV-1 RNA before the initiation
of antiretroviral drug treatment and significant titers of
serum anti-HIV-1 IgG antibody as described in the
following section. The inclusion criteria for the EUI
group were a history of multiple unprotected sexual
episodes for >4 years with an average of eight reported
unprotected sexual contacts per year (range 5 to >40)
at the time of inclusion, and at least three episodes of
at-risk intercourses within 4 months prior to the study
point. Forty-two of the 49 HIV-1-infected individuals
studied here are the steady and reportedly monogamous
partners of the above EUI individuals. In all the infected
individuals the diagnosis of HIV-1 infection was made
during their chronic phase, and thus unprotected
sexual intercourses had been initiated long before
their diagnosis. Mean CD4 cell count of the infected
partners at the time of this study was 370 x 10%/1
(range 36 x 10°-850 x 10%/1). Seven additional age- and
sex-matched HIV-1-infected individuals were added
to the study, and their HIV-related phenotypes were
within the ranges of the above infected partners. All
the EUI and HIV-1-infected individuals and 47 unin-
fected, age- and sex-matched healthy volunteers
were enrolled from the Santa Maria Annunziata Hospital,
Firenze, and the Luigi Sacco Hospital, Milano. All of
the enrolees are Caucasians from the Toscana region. The
ethics committees of the above hospitals have approved
the research protocols. The genotyping analyses were
approved by Kinki University School of Medicine.
Written informed consent was obtained from all enrolees,
and samples were anonymized and analyzed in a blinded
fashion.

Phenotype definitions

Plasma HIV-1 load was quantified by using the
AMPLICOR. HIV Monitor test (Roche Diagnostic
Systems, Nutley, New Jersey, USA) as described [4,6].
Possible presence of HIV-1 cDNA in PBMC and in cells
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isolated by urethral swabbing or uterine cervical brushing
was analyzed by a reverse transcription-PCR. method
[4,6]. For the detection of mucosal anti-HIV-1 IgA,
500 pl of mucus was collected from each enrolee by
swabbing from the urethra or vagina [4,6]. Titers of serum
anti-HIV antibodies were determined by an enzyme-
linked immunosorbent assay (EIA) using Abbot HIV-1/
27 test (Abbott Laboratories, Abbott Park, [llinois, USA).
This assay detects HIV-specific 1gG and IgM [7].
Titration of HIV-1-specific IgA in the mucosal secretions
was performed by an isotype-specific EIA using the HIV
EIA test (Calypte Biomedical Corp., Berkeley, California,
USA) with modifications [4—9]. HIV-1-reactive memory
T cells in the peripheral blood were enumerated by an
enzyme-linked immunospot assay for interferon (IFN)-y
as described [6].

Analyses of human SSLP markers

Five-hundred nanograms of genomic DNA extracted
from PBMC of each examined individual was used as the
template for 40 cycles of PCR amplification using the
flanking primer sets designed based on the sequence data
compiled in the Ensembl Genome Browser (http://
www.ensembl.org/) and ordered from QIAGEN GmbH.
Each forward primer was labeled with a florescent dye,
and 50-100 fmol of PCR. amplified fragments were
applied onto an ABI 3100 DNA sequencer (Applied
Biosystems, Foster City, California, USA) with appro-
priate size markers. Peak identification and size measure-
ments were done with the GeneScan software (Applied
Biosystems). To determine absolute fragment sizes, PCR.
products obtained from two or more homozygotes for
each locus were cloned into pCR2.1-TOPO vector
(Invitorogen Life Technologies) and sequenced by using
the M 13 forward primer until six or more identical clones
were observed for each allele.

Population genetic analyses and detection of
linkage disequilibrium (LD)

Genotypic data were analyzed for possible population
differentiation and LD between pairs of loci by using the
Arlequin 2.001 (Genetics and Biometry Laboratory,
University of Geneva, Switzerland). A population-
pairwise genetic distance test using pairwise Fsr and
extended exact test were performed to examine possible
population differentiation. A likelihood ratio test was
performed to examine the possible LD between pairs of
loci. A total of 100,172 permutations on 10 initial
conditions were performed by the expectation maximiz-
ing algorithm for each pair of loci.

Statistical analyses

Distributions of allele frequencies at each examined locus
were compared between each pair of the three
phenotypic groups by a Monte-Carlo approach using
the CLUMP software [28]. T2 statistic was chosen
because many cells in the contingency tables contained
values < 2.

To examine the possible presence of a dominant allele
having different frequencies between the three pheno-
typic groups, mathematical analyses were performed
based on the assumption that the number of individuals
possessing each genotype had a multinominal distri-
bution. Since the number of candidate dominant
alleles was more than one, multiple comparisons were
taken into consideration. The test statistics for alleles i and
J» t; and ¢, respectively, can be strongly correlated
especially when most of the individuals having allele
i or j are of the genotype i/j. Therefore, the typically
used Bonferroni correction may be too conservative.
A universally applicable method for overcoming this
problem is a closed testing procedure [29], where ¢, is
based on a well-acquainted variance stabilizing trans-
formation and the test statistic for a common hypothesis
is based on the maximization of ts. To calculate the
P-values, we applied a parametric bootstrap [30] based on
the asymptotic null distribution of #5. Details of the
mathematical methods are described in the Appendix
section.

Results

Linkage mapping of a mouse locus controlling
FV-neutralizing antibodies

When (B10.A X A/WySn)F; and A/WySn mice that
share FV-susceptible Fr-1"", Fv-2°, and H2"* genotypes
were tested for their production of virus-neutralizing
antibodies, none possessed a detectable level of neutraliz-
ing antibodies at post-infection day (PID) 10. Neutraliz-
ing antibodies remained undetectable at PID 15 and 20 in
parental A/WySn mice. In contrast, all the infected
(B10.A x A/WySn)F; mice possessed a significant
neutralizing titer at PID 15, and the titers increased
toward PID 20 (Fig. 1a). Therefore, possible segregation
of neutralizing titers in (B10.A x A/WySn) x A/WySn
backcross mice was examined by testing them at PID 15,
17, and 21. Virus-neutralizing antibodies were not
detectable in 63 (44%) of the 143 backcross mice at
PID 15 (Fig. 1b), suggesting that a single locus is involved
in the production or lack of production of neutralizing
antibodies. For linkage analyses, we concentrated
genotyping on chromosome 15, because initial analyses
performed by using 43 separate backcross individuals
showed significant correlation between virus-neutralizing
titers at PID 17 and genotypes at four loci in chromosome
15 (data not shown). The results of linkage analyses
performed by using the 143 backcross mice indicated
a strong correlation between genotypes at marker loci
in chromosome 15 and titers of virus-neutralizing
antibodies at PID 15, with the strongest correlation
(x> = 74.0, P=1.17 x 1077} observed at the D15Mit71
locus (Fig. 2). Linkage mapping with MAPMAKER/
EXP located a single locus determining the presence
or absence of virus-neutralizing antibodies at PID 15
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Fig. 1. Titers of virus-neutralizing antibodies in FV-infected mice. (a) Changes in the average titer (n = 11-16) of virus-
neutralizing antibodies in (B10.A x A/WySn)F; (@) and A/WySn (o) mice at different time-points after infection with 150 spleen
focus-forming units of FV. SEM. are shown with the bars. The dashed line indicates the limit of detection. (b) Titers of virus-
neutralizing antibodies in each individual mouse tested at PID 15. Genotypes at the D15Mit71 locus are either homozygous for the
A/WySn-derived allele (o) or heterozygous for the B10.A-derived and A/WySn-derived alleles (o).

between the D15Mit71 and D15Mit171 loci. Further
mapping was performed by genotyping the backcross
animals that possessed a critical recombination between
the D15Mit28 and D15Mit171 loci. As a result,
eight backcross mice that possessed reciprocal recombi-
nation within this region were identified (Fig. 2). Since
a significant correlation (P = 0.029 by two-tailed Fisher’s
exact test) between genotypes at the D15Mit71,
D15Mit2, D15Mit214, D15Mit69, and D15Mit70
loci and the production of virus-neutralizing antibodies
at PID 15 was observed in these recombinant animals, it
is conceivable that the locus controlling the production
of FV-neutralizing antibodies is located within the
region telomeric to the D15Mitl and centromeric to
D15Mit118 loci at the widest estimation.

Genetic analyses of HiV-1-exposed and
uninfected Italians

The above region of mouse chromosome 15 harbors
previously mapped genes that are known or likely to affect
immune cell development and/or activation and retro-
viral replication. Therefore, we next explored the
possibility that a putative ortholog of the above mouse
locus might influence immune responsiveness in HIV-1
infection. Because of the route of transmission of HIV-1
and resultant rarity of multicase families, linkage analyses
comparing affected and unaffected siblings are impossible.
Thus, we performed a simple association study by
comparing genotypes between the exposed but unin-
fected and HIV-1-infected individuals, hypothesizing that
efficient anti-HIV-1 immune responses are associated
with the presence of a dominant genetic factor which

might be an ortholog of the above mouse locus
conferring the ability to produce FV-neutralizing
antibodies. Thus, the three phenotypically distinct
groups of individuals (Table 1) were genotyped at the
loci shown in Fig. 2. The examined groups were not
different to each other when tested for population-
pairwise genetic distance (P > 0.17), in accordance with
their all being Caucasians enrolled from the Toscana
region of Italy. When allele frequencies were compared
among the three phenotypic groups, their distribution
at the D22S277 locus differed between the EUI and
healthy control groups at P=0.0396. No significant
difference was observed at the other loci. When
likelihood ratio tests were performed for all possible
pairs of the examined loci, a highly significant LD of
an exact P < 0.0004 level was observed in all three
groups between the D225284, D228423, and D225299
loci, reflecting their close physical locations (Fig. 2 and
Fig. 3). A similarly significant LD (P < 0.00002) was
observed between the 12225418 and D22S1166 loci in
all three groups, confirming their close genetic locations.
Interestingly, a highly significant LD (P < 0.00002)
was observed between the D22S276 and the above
surrounding loci in both the HIV-1-infected and healthy
control groups, but this was not observed in the EUI

group (Fig. 3).

When frequencies of individuals possessing a particular
allele at a given locus were compared among the three
phenotypic groups by adopting a dominant model,
objective mathematical analyses revealed multiple loci
with significant differences (Table 2). These individual
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Fig. 2. The order of and distance between microsatellite markers located within the syntenic region of mouse chromosome 15
(the upper half of the diagram) and human chromosome 22 (the bottom half). Physical mapping and synteny data are based on
those compiled in the Ensembl Genome Browser (http://www.ensembl.org/ ). Centromeres (o) are placed on the left. The mouse
marker D15Mit28 has not been physically mapped, but genetic linkage data archived in the Mouse Genome Informatics site
(http://www.informatics.jax.org) indicate that this locus, mapped at 43.7 cM, is closely linked to the D15Mit68 locus at 44.1 cM.
Note that, although D15Mit1 is currently not included in the physical map of the mouse genome archived in the Ensembl Genome
Browser, we identified the flanking primer and repeat sequences of this microsatellite marker (base numbers 47915-48097) within
a clone of bacterial artificial chromosome, RP23-290M7, harbouring the segment of mouse chromosome 15 (shown with the
hatched box). Lod scores and x? values indicating degrees of genetic association between the identified genotypes and virus-
neutralizing titers at PID 15 for each examined mouse locus are shown in parentheses. The estimated location of the putative
mouse locus controlling the production of FV-neutralizing antibodies is shown with the bidirectional arrow. Human loci at which
genotypes were compared between the EU!, HIV-infected, and healthy control groups are also shown, and the loci at which
significant genetic differences were observed by the closed testing procedures are underlined. *The D2251166 locus has not been
physically mapped, but the genetic maps archived at the Center for Medical Genetics, Marshfield Clinic Research Foundation
(http://research.marshfieldclinic.org/genetics/) indicate that this and the D225418 loci are closely linked.

differences were further examined for possible false
rejection of a single equal-frequency hypothesis due to
multiple  comparisons by using the closed testing
procedure. As a result, frequencies of individuals
possessing either the allele 156 or 158 at the D228277
locus were significantly different between the EUI and
two other groups, those of the individuals possessing the
allele 134 at the D22S272 locus were significantly
different between the EUI and healthy control groups,
and those of individuals possessing the allele 229 at the
D225423 locus also differed significantly between the
EUI and HIV-infected individuals.

Discussion

In the present study we have demonstrated that the
presence or absence of virus-neutralizing antibodies in
FV-infected (B10.A X A/WySn) x A/WySn backcross
mice at PID 15 is closely associated with their genotypes
at the chromosome 15 loci. The linkage mapping data
indicated that a single gene controlling the production
of virus-neutralizing antibodies was located near the
D15Mit71 locus, colocalizing with the previously
mapped Rfv-3 locus [23,24]. Since the Rfv-3-associated
phenotypes were defined by clearance of viremia by
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Table 1. HIV-1-related phenotypes of the three groups genetically analyzed in the present study.

Urethral/ vaginal

Plasma HIV anti-HIV-1 I1gA Serum anti-HIV-1 HIV-1 envelope-reactive
Group Age load (copies/ml) (As05 nm) 18G (Agos nn) IFN-y ELISPOT? (/10° cells)
HIV-T-exposed but 40.1+ 1.4 Not detectable (al)®  0.556 + 0.047°  0.004 + 0.0006 (0.00-0.02)  131.2  11.3° (5-280)
uninfected (n = 42) (0.12-1.14)¢
HIV-T-infected (n = 49)  40.8+ 1.9 <40 - 750,000 0360+0.039  0.793 £ 0.069 (0.11-1.25) 63.4 +9.2 (<5-120)
(median: 400)' (0.11-0.87)
Healthy control (n =47) 37.8+3.6 Not detectable (al)® 0.002 +0.0006  0.002 = 0.0001 (0.00-0.01) <5 (<5-15)
(0.00-0.03)

Numbers shown are mean = SEM except for the Plasma HIV load.
2PBMC were stimulated with a mixture of five synthetic peptides representing the immunodominant and promiscuous epitopes identified in the
HIV-1 gp160 [6}, and spots of secreted interferon (IFN)-y were visualized and counted by using a biotin-conjugated anti-IFN-y antibody.
PAIl enrolees were tested for the presence of HIV genome by measuring plasma HIV-1 RNA and by detecting HIV-1 cDNA from total RNA of
peripheral blood mononuclear cells. In the case of the exposed uninfected individuals (EUI), possible presence of HIV-1 cDNA was also tested in
mucosal cells by reverse transcription-PCR. All the individuals in the EUI and healthy control groups were negative for all these tests.
“Significantly higher than the average for the HIV-1-infected individuals at P = 0.0022 by Welch’s t test. A non-parametric analysis by Mann-
Whitney’s U-test also showed a significant difference, P = 0.021.

Ranges of observed values are shown in parentheses for IgA and igG titers and enzyme-linked immunospot (ELISPOT) foci.
“Significantly higher than the average for the HIV-1-infected individuals at P = 0.015 by Welch's ttest, and P = 0.0002 by Mann—-Whitney’s U-test.
‘Al the HIV-1-infected individuals were enrolled during their chronic phase of infection before the initiation of antiretroviral drug treatment, but 32
of the 42 infected partners and the seven additional HIV-1-infected enrolees were receiving the highly active anti-retroviral therapy at the time of
this study. The range of plasma viral load in the 13 currently untreated individuals in the infected group was 5900 to 750 000 (median, 65 000)
copies/ml.

35—40 days after FV infection [22—25], and neutralizing
antibodies were detectable at as early as PID 15 in mice
possessing the B10.A-derived dominant allele (Fig. 1), it
is conceivable that early production of virus-neutralizing
antibodies is associated with early clearance of viremia.

It is intriguing that genotypes at microsatellite loci located
within the segment of human chromosome 22 syntenic to
mouse chromosome 15 differed between the HIV-1-
exposed but uninfected and HIV-1-infected groups of
individuals. The strongest association was observed at the

D225423 locus where the frequency of individuals
possessing the allele 229 was significantly higher in the
EUI group than in the HIV-1-infected one even after
corrections for multiple comparisons were made. This
marker locus is located in the middle of the chromosomal
segment corresponding to the region of mouse chromo-
some 15 that harbors the gene locus controlling the
production of virus-neutralizing antibodies (Fig. 2). It
may also be worth noting that the alleles 156 and 158 at
the D225277 locus that are rare (5.6 and 9.3% per haploid
chromosome, respectively) among the Caucasian CEPH

22q13.1 22q13.1 22q13.1
22880323828  zoarguzn2e8ed sarcNzooe8o8
NN NANT NN~ T N N NN NN~ < NG N N T NN - T o
00000000002+ « EOBDECEEME 204 + CEELIE B BEE BB [0 20
OOOOmOOOOon ee » OO0O0D0O0O0BROER 929 r JRO00O0O0O00 929
f E0BRO00OCcOo0onenr P O0000OWwO0On ey rBOEBEEBEEEO 277
rDBBBEEEO 426 t DB BBEEBRO 26 r DEEEBEBE 426
 OO@BO0O0 e » OO0 0O0O0ee + AOMOOOm 272
y BELBEE[] 284 r BEBBEE] 284 t BEBEEBED 284
(y In] | ImE= r BEEBER 20 t BREBEO 23
% (1B B B 299 ¥ BB B[ 299 * BB E (] 29
¢ OO0 27e x BB 27e s BB 276
’ x B[] 1166 ¥ B 1166 % E M 1166
EUI ' I*:I;‘:gg HIV-infected i *D?:gg Healthy controis ' Enﬂgg
B P<0.00001 B 000001 < P<0.0001 B8 0.0001 < P<0.001 [ 0.001<P<0.01 0015 P<005 [Joo0s5<P

Fig. 3. Distributions of LD across chromosome 22. LD is plotted for the 12 microsatellite [oci examined against each other, each
represented by a small square. Locus names are abbreviated by omitting D22S. The pattern of distribution of LD is shown for each
of the three phenotypic groups for comparison. Filling patterns reflect the significance level in exact P values as indicated at the
bottom. The arrow indicates observed disruption within the segment of multilocus LD in the EUI group. The allele distributions in
the three examined groups did not deviate from the Hardy-Weinberg equilibrium at any examined locus, except only at the
D225418 locus in the healthy control group, when exact tests using a Markov chain (100,172 chain length and 1,000
dememorization steps) were performed.
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Table 2. Chromosome 22q association analyses.

P value
Cytogenetic Allele size Frequency in the ~ Compared — - -
location Locus {bp) EU! group? toP Odds ratio  Individual hypothesis ~ Common hypothesis
22q11.21 D225264 188 0.405 HIV 3.276 0.0142 ns®
198 0.238 HC 0.306 0.0128 ns
22q12.2 D228277 158 0.310 HIV 3.766 0.0152 ns
156 or.158 0.429 HIv 3.656 0.0066 0.0378¢
HC 3.875 0.0079 0.0448°
162 0.262 HC 0.379 0.0371 ns
22q13.1 D225272 134 0.667 HC 0.308 0.0243 0.0466¢
22q13.1 D225423 229 0.333 HIvV 4.200 0.0087 0.0317¢
22g13.2 D225418 145 0.605 HC 2.520 0.0475 ns
D2251166 130 0.571 HC 2.816 0.0266 ns
22q13.32 D2251169 126 0.643 HC 2.528 0.0313 ns

*Frequencies of individuals possessing the indicated allele either heterozygously or homozygously.

BHIV, HIV-1-infected individuals; HC, Healthy controls.
“Not significant (ns) at the P < 0.05 level.

4These differences are also significant (P < 0.05) after conventional Bonferroni correction.

population {31,32] were more frequently observed in the
EUI group (9.5 and 17.9%, respectively). There were
significant differences in the frequency of the allele 156
and that of the allele 158 (P=10.035 and 0.0061,
respectively, by two-tailed Fisher’s exact test) when the
HIV-1-infected and healthy control groups were com-
bined and compared with the EUI group. The rates of
microsatellite mutation are much higher than those of
point mutation at coding genes [33], and the most
common stepwise mutation is biased toward the
reduction of repeat numbers for microsatellites of >20
repeats [34]. Thus, we can justifiably hypothesize that the
alleles 156 and 158 at the D22S277 locus (25 and 26
dinucleotide repeats, respectively) are both linked to the
same putative allele that is associated with the presence of
immune responses to HIV-1 in the uninfected individ-
uals. In this regard, the variance stabilizing analyses
performed by assuming that the alleles 156 and 158 are
both linked to a single dominant genetic factor resulted in
the demonstration of significant differences between the
EUI and HIV-1-infected, and the EUI and healthy
control groups, and these individual null hypotheses were
also rejected (significant difference validated) after the
correction for multiple comparisons was made (Table 2).
Further, when the same comparison was made between a
combined group of the HIV-1-infected and healthy
control individuals and the EUI group, the frequency of
individuals possessing either the allele 156 or 158 was
significantly higher among the EUI (P = 0.0019), and
this was highly significant even after the correction for
multiple comparisons was made (P =0.0121). The
combination of the HIV-1-infected and healthy control
groups was justifiable because neither allele frequency
distributions nor frequencies of individuals possessing the
allele 156 or 158 were significantly different between
the two groups. Thus, genotypes at multiple loci within
the segment of human chromosome 22 that is syntenic to
mouse chromosome 15 are significantly associated with
the presence of strong mucosal and T-cell immune

responses against HIV-1 (Table 1) in HIV-uninfected
Italians. Furthermore, the multilocus LD spanning from
D225284 to 1225418 which is observed in both the
HIV-infected and healthy control groups is disrupted at
the D225276 locus in the EUI group (Fig. 3). This
observation is consistent with the hypothesis that in the
ancestors of the EUI individuals a possible recombina-
tional or mutational event might have happened in the
chromosomal segment surrounding this locus.

Production and class-switching of virus-neutralizing
antibodies in FV-infected mice are dependent on CD4
T-cell functions [26,27,35], and the priming of CD4
T-helper cells with a singe-epitope peptide resulted in the
early production and class-switching of virus-neutralizing
antibodies and strong protection against FV infection
[20,27]. Likewise, EUI individuals enrolled into the
present study possessed significantly higher amounts of
mucosal anti-HIV-1 IgA and larger numbers of HIV-1
envelope-reactive T cells in the peripheral blood in
comparison with the HIV-infected individuals (Table 1).
IgA antibodies isolated from some EUI individuals have
been shown to inhibit the replication of primary HIV-1
isolates [7] and HIV-1 transcytosis across the epithelial
cells in vitro [8,36]. Thus, it is possible that efficient
priming of T cells with HIV antigens might have resulted
in rapid production of HIV-1-reactive IgA antibodies
which, in turn, might have been involved in the possible
immune protection in the EUI individuals. In this regard,
it is noteworthy that [FN-y production is required for the
control of viremia and class-switching of virus-neutraliz-
ing antibodies in FV infected mice [37].

It has been shown that CD4 T cell-dependent early IgA
responses against influenza virus infection can be
generated in the absence of virus-specific IgM and IgG
[38], and costimulatory signals required for mucosal IgA
production are strikingly different from those needed for
systemic antibody responses [39]. Similarly, mucosal IgA
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responses to T-dependent HIV-1 antigens might be
stimulated without inducing serum IgG production, and
putative human homolog of the mouse gene influencing
the T cell-dependent production of FV-neutralizing
antibodies might be involved in the above activation of
mucosal IgA-production in EUI individuals. In fact, the
segment of mouse chromosome 15 between the D15Mit1
and D15Mit118 loci and the corresponding segment of
human chromosome 22 harbor several genes that are
known to be involved in T- and B-cell growth and
activation. Expression analyses of these candidate genes
both in the mouse model and in humans are currently
underway.

None of the previously reported human genes that
affect the risk of HIV acquisition are located in
chromosome 22, CCR5 and CCR2 being located at
3p21, SDF1 and MBL2 at 10q11.1 and 10q11.2,
respectively, HLA including the polymorphic TNF and
MIC loci at 6p21.3, KIRs at 19q13.4, IL10 at 1931-32,
and SLC11A1 (NRAMP1) at 2q35 [3,40-52]. In
addition, the homozygous CCR5-A32 mutation, which
results in the lack of the HIV coreceptor [3,40-42], is
known to be rare among the EUI individuals in Italy
and Thailand [4,9,49], and was not found in the enrolees
of the present study, although three of the 42 EUI
individuals were heterozygous for this mutation (data
not shown). In a very recent analysis of a separate
cohort of repeatedly exposed but HIV-1-seronegative
individuals in the USA, Liu et al. [53] demonstrated the
lack of association between genotypes at the CCR2,
SDF1, and RANTES loci and the uninfected status.
The homozygous CCR5-A32 mutation was also rare
(3.2%) among the seronegative individuals. The same
authors also noted a significant difference in the
frequencies of heterozygosity at the polymorphic DC-
SIGN (CD209) locus at 19p13.2 between the exposed
but seronegative and HIV-1-infected groups: however,
the observed frequency of heterozygotes was 3.2% (3/94),
and thus, this genetic skewing could not explain the
possible mechanisms that confer HIV resistance to the
majority of the seronegative individuals. Altogether,
our results have indicated the possible presence in
human chromosome 22 of a novel genetic factor that is
associated with strong T-cell and mucosal immune
responses to HIV-1 antigens.
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Appendix

The possible presence of a dominant allele having different
frequencies between the phenotypic groups was examined as
follows: Define & as the number of individuals having the
genotype i/f (i < j) for the EUI group, where n = ngj xij is
the total number of individuals belonging to this group.
Assume that x = (x;)i<; has a multinomial distribution
with the parameter a = (a);<;, where Eiii a; = 1. For
convenience, let a; = ;. Similarly, define the notations y,
b and 2, ¢ for the HIV-1-infected and healthy control groups,
respectively. The frequency of the individuals having the
allele i for the EUI group is expressed as a; = »_, dik.
Similarly, define b; and ¢. The hypothesis where the
frequencies of the individuals having the allele i for the
EUI and HIV-infected groups is the same is expressed
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as Hi a;=b;. Similarly, consider the hypothesis a;= ¢; to
compare the EUI with healthy control groups.

We tested whether or not the frequency of individuals
possessing a certain dominant allele in the EUI group was
different from those in other groups. Since there are multiple
candidate alleles at each locus, we must take multiple
comparisons into consideration. Let ¢ be the test statistic for
allele i. t; and £ can be strongly correlated, especially when
most of the individuals having allele 7 or j are of the genotype
i/j. Therefore, the typically used Bonferroni correction can
be too conservative. A universally applicable method for
overcoming this problem is a closed testing procedure [29],
where t; is based on a well-acquainted variance stabilizing
transformation and the test statistic for a common hypothesis
is based on the maximization of ¢ values.

Let H be the closed set consisting of all the intersections of
the hypotheses’ H; values. Assume that we can make the
reject region with common significance level o for any
hypothesis H € H. The closed testing procedure says that we
can reject H € H only after we reject all the hypotheses
including H, using the corresponding reject region. Let ¢; be
the standardized test statistic for the hypothesis H;. The
corresponding reject region becomes W; = {|4] > ¢;}.
Consider a common hypothesis H. For example, let H be
the intersection of Hy,.. ., H. The corresponding reject
region can be defined by W = {max,-:1:“',1|t,-| > e} We
used the following variance stabilizing type as the
standardized test statistic:

(sin_1 /xi/ng —sin”! w/y,-/ny)
V1/4ng + 1/4ny

ti =

where n, =3, ;x and my =37,y As an advantag(;
over the commonly used likelihood ratio and Pearson’s x~
tests, the above type enables us to infer that the smaller a P
value is the stronger the rejection of the corresponding null
hypothesis, because the variances of the arcsine are constant
independent of the samples. In view of the closed testing
procedure, if the maximal intersection hypothesis H € H is
rejected, the individual hypothesis corresponding to the
minimum P value can automatically be rejected. In addition,
if the hypothesis corresponding to the minimum P value
alone is rejected among the individual hypotheses, it is the
only rejected hypothesis.

The joint distribution of t; values can be approximated by
the multivariate normal distribution under the null
hypothesis, and the corresponding approximated P values
can easily be calculated for the individual hypotheses.
The approximated P values for a common hypothesis can be
calculated by using the central limit theorem and the
parametric bootstrap [30] based on the asymptotic null
distribution of f; values. To avoid unnecessary disturbances,
we tested only the hypotheses having the estimated
frequency > 0.1 when considering the common hypo-
theses, because alleles with a frequency < 0.1 cannot explain
the phenotype of the whole group. Calculations were
performed by drawing 100 000 random samples from the
approximated multivariate normal distribution for each
hypothesis.
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Abstract

CD8"* CTLs and virus-neutralizing antibodies have been associated with spontaneous and
vaccine-induced immune conirol of retroviral infections. We previously showed that a single
immunization with an env gene-encoded CD4™ T cell epitope protected mice against fatal Friend
retrovirus infection. Here, we analyzed immune cell components required for the peptide-induced
anti-retroviral protection. Mice lacking CD8" T cells were nevertheless protected against Friend virus
infection, while mice lacking B cells were not. Virus-producing cells both in the spleen and bone
marrow decreased rapidly in their number and became undetectable by 4 weeks after infection in the
majority of the peptide-immunized animals even in the absence of CD8" T cells. In the vaccinated
animals the production and class switching of virus-neutralizing and anti-leukemia cell antibodies
were facilitated; however, virus-induced erythroid cell expansion was suppressed before neutralizing
antibodies became detectable in the serum. Further, the numbers of virus-producing cells in the
spleen and bone marrow in the early stage of the infection were smaller in the peptide-immunized
than in unimmunized control mice in the absence of B cells. Thus, peptide immunization facilitates
both early cellular and late humoral immune responses that lead to the effective control of the
retrovirus-induced disease, but CD8" T cells are not crucial for the elimination of virus-infected cells

in the peptide-primed animals.

Introduction

Understanding the types of immune responses associated
with and responsible for effective control of viral infection is
pivotal for the development of antiviral vaccines. We, along
with other researchers, have been studying the requirements
of different immune cell components and their regulation by
host genetic factors utilizing the mouse model of Friend
retrovirus infection. Friend retrovirus complex (FV) is com-
posed of replication-competent Friend murine leukemia virus
(F-MuLV) and defective spleen focus-forming virus (SFFV), the
latter of which induces rapid growth and terminal differenti-

ation of infected erythroid progenitor cells (1, 2). FV is known to
induce fatal erythroleukemia associated with severe immuno-
suppression when inoculated into immunocompetent adult
mice of susceptible strains (1, 3). Genotypes at both MHC
class | and class Il loci, along with those at a non-MHC locus
located on chromosome 15, affect spontaneous immune
resistance against FV-induced disease development which
is phenotypically manifested by the regression of early
splenomegaly and clearance of viremia (1, 4-8). As predicted,
requirements of both CD4* and CD8* T cells for the above
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spontaneous resistance have been demonstrated through
antibody-mediated depletion of Tcell subsets and through the
blocking of T cell responses by administration of anti-MHC
class Il antibodies (9, 10). Further, different roles of CD4* and
CD8" T cells and of virus-neutralizing antibodies have been
demonstrated for immune protection against FV infection
induced with a live attenuated vaccine (11, 12).

We previously showed that a single immunization with an
18-mer peptide that contains a single CD4* T cell epitope
identified within the env gene product SU of F-MuLV induces
strong protective immunity against fatal FV infection in
susceptible strains of mice (13, 14). In peptide-immunized
(B10.A X A.BY)F; mice, the vast majority of virus-producing
cells were eliminated from the spleen between 8 and 12 days
after FV challenge, and the SFFV-induced early splenomegaly
regressed rapidly. Production and class switching of virus-
neutralizing antibodies roughly coincided with the above
reduction in the number of virus-producing cells in the spleen
(13), suggesting the possible importance of virus-neutralizing
antibodies in the vaccine-induced confinement of FV infection.
However, since the activation of both CD4* and CD8*
cytotoxic effector cells and of NK cells was detectable prior
to the decrease of virus-producing cells in peptide-immunized
(BALB/c X C57BL/6)F; (CB6F;) mice (14), it was also possible
that the cellular responses, rather than the antibodies, were
mainly responsible for the control of FV-induced disease
development conceivably through the destruction of virus-
producing cells. Moreover, since CD8* CTLs and NK cells
were activated in comparable degrees both in peptide-
immunized and unimmunized animals after FV infection (14),
their actual extents of contribution to the peptide-induced
immune protection remained unclear.

To directly evaluate the role of each separate immune cell
component in peptide-induced protection against FV infection
and to compare the effector mechanisms induced by the
peptide immunization with those induced by previously
described live attenuated vaccines (11, 15), we performed
the protection experiments on the highly susceptible strain of
mice that lacked either CD8* T or B lymphocytes.

Methods

Mice
BALB/c-Adcl and CB6Fy mice were purchased from Japan
SLC, Inc., Hamamatsu, Japan. (B10.A X A.BY)F; mice
were those described previously (13). Breeding pairs of
BALB/c-J-B2m™Y"¢ and C57BL/6J (B6)-B2m™ 'Y mice
carrying homozygous disruption of the PBy-microglobulin
gene (B,m ") were purchased from the Jackson Laboratory,
Bar Harbor, ME, USA, and F; crosses were produced at the
Animal Facilities, Kinki University School of Medicine. Pheno-
typic lack of CD8* T cells in the produced F; crosses was
confirmed by bleeding each mouse from the tail vein and
staining peripheral blood with a mixture of fluorescence-
labeled anti-CD4 and anti-CD8 mAbs as described in the
following section.

B6-/gh-6""°9" mice carrying homozygous disruption of the
membrane exon of the Ig p-chain gene (p-chain membrane

exon-targeted: uMT/uMT) and thus lacking B cells (16) were
also purchased from the Jackson Laboratory. To introduce the
p-chain disruption into BALB/c background, a cross-intercross
production of a congenic strain was performed as follows: the
B cell-deficient B6 male mice were mated with BALB/c female
mice and Fy crosses carrying heterozygous disruption of the
p-chain membrane exon were obtained. These héterozygous
F1 crosses were cross-mated, and F, mice carrying the
homozygous 1 gene disruption were selected by performing
both genetic and phenotypic analyses as described below.
The homozygous disruption of the p-chain membrane exon in
the resulting F, crosses was confirmed by PCR analyses as
follows: genomic DNA was prepared from the tail tip of each
mouse using DNeasy Tissue Kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions. Oligo-
DNA primers (5" primer: 5'-TCTATCGCCTTCTTGACGAG-3’,
3’ primer: 5'-TACAGCTCAGCTGTCTGTGG-3') were prepared
based on the sequence information on the knockout cassette
(16) and were used for PCR amplification of genomic DNA
fragments. PCR products were separated by electrophoresis
in a 4% agarose gel and were visualized under a UV light after
ethidium bromide staining. In addition to the above genetic
analyses, peripheral blood was stained with a mixture of
fluorescence-labeled anti-CD3 and anti-CD19 mAb, and
multicolor flow cytometric analyses were performed as de-
scribed in the following section. Male F, mice carrying
homozygous disruption of the p-chain membrane exon and
thus lacking B cells were mated with BALB/c female mice
again, and this cross-intercross mating procedure was re-
peated seven times. After the seventh cycle of crossing and
intercrossing, the resultant BALB/c-background mice pos-
sessing homozygous disruption of the p-chain gene were
maintained by sister-bother mating, and CB6F, mice lacking
B cells were produced by crossing the B6-/gh-6"°9" and the
above-established BALB/c-uMT/uMT mice.

For immune protection experiments, both male and female
mice aged 8-11 weeks at the time of immunization were used
throughout the present study. All the animal experiments were
approved by the Animal Experiment Committee and per-
formed under the guidelines of Kinki University.

Viruses and their inoculation

A stock of B-tropic FV complex was originally given by Bruce
Chesebro, Laboratory of Persistent Viral Diseases, National
Institute of Allergy and Infectious Diseases, Hamilton, MT,
USA. The stock used in the present study has been described
(14, 17). SFFV and F-MuLV titers of the FV stock were
determined as described previously (13, 18). For inoculation
into CB6F, mice, a dilution of the virus stock prepared with
phosphate-buffered balanced salt solution (PBBS) containing
2% fetal bovine serum (FBS) was injected intravenously into
the tail vein. Infected mice were observed at least twice a day
and the number of surviving mice was determined. The
development of splenomegaly was monitored by palpation as
described (5, 17, 19). In some experiments, moribund mice
were killed by cervical dislocation and spleen weights were
measured to compare the results of palpation with actual
spleen weights. Spleens weighing >0.5 g were consistently
marked as palpable splenomegaly. Mice found dead were
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dissected, and their spleen weight was measured to confirm
leukemic death.

Peptide synthesis and immunization

The peptides used for detailed mapping of the CD4* T cell
epitope were synthesized by Fmoc chemistry and purified,
and their molecular weight confirmed by quad-polar mass
spectrometry as described previously (20-22). Peptides used
for immune protection experiments were ordered from Qiagen
K. K. (Tokyo, Japan). For immunization each peptide was
dissolved in PBBS and emulsified with an equal volume of CFA
(Difco Laboratories, Detroit, MI, USA). Mice were injected
intradermally with 100 pl of the emulsion given as multiple split
doses into the abdominal wall. Control mice were given an
emulsion of PBBS and CFA that did not contain any peptide.

T cell proliferation assays

Two Tcell clones, F5-5 and FP7-11(20, 23), specific for the EP/4-
restricted C-terminal epitope of F-MulLV env gene product
were maintained as described previously (20). For examina-
tion of proliferative responses, 2 X 10° spleen cells irradiated
with 40 Gy y-ray were mixed with 2 X 10° T cells and various
concentrations of a peptide in a well of 96-well microculture
plates. After 48 h of incubation at 37°C, each culture was
pulsed with 18.5 kBq [*H]thymidine (Du Pont NEN, Boston,
MA, USA) for the final 18 h. Cells were harvested onto a glass
fiber filter, and incorporated radioactivity was measured with
a microplate scintillation counter (TopCount, Packard Instru-
ment Co., Meriden, CT, USA). For the calcuiation of relative
stimulatory effect of each peptide, the concentration of pep-
tide i (uM) required to induce 50% of the maximum prolif-
erative response (EDsg) was divided with EDsg (uM) of the
peptide in question (22, 23). In the present study proliferative
responses were measured for a range of peptide concen-
trations between 0.01 and 20 uM in 2-fold dilutions, and peak
responses (>30 000 counts per minute) were observed: by
stimulation with 1 uM of peptide i. EDsq of peptide iwas 0.2 uM.

Assays for virus-neutralizing antibodies

The in vitro assays for quantitative measurement of F-MuLV-
neutralizing antibodies have been described elsewhere in
detail (5, 13, 17, 19). Mice were bled from the tail vein under
ether anesthesia and sera separated were stored at ~30°C
until use. Stock of an infectious molecular clone of F-Muly,
FB29 (24), was prepared from a high-producer clone of
chronically infected Mus dunni cells. Serial 2-fold dilutions of
sera were made with PBBS containing 1% FBS and mixed with
an appropriate dilution of the F-MuLV stock and inoculated to
Mus dunnicells in 24-well plates. Control wells were inoculated
with the virus dilution admixed with the diluent alone. Two days
later, foci of F-MulLV-infected cells were visualized with mAb
720 (18) and counted under a dissecting microscope.
Neutralizing titers were determined by the reciprocals of
maximum dilutions that gave a reduction in the number of
F-MuLV-infected cell foci to <25% of those in the control wells.
IgG titers were determined by treating each serum sample
with 0.05 M 2-mercaptoethanol whereas IgM titers were
calculated by dividing the neutralizing titers of the untreated
sera by the corresponding 1gG titers (6).
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Infectious center assays

These assays were performed as described previously (13,
17). Briefly, spleen and bone marrow cell suspensions
prepared from mice challenged with FV were serially diluted
with PBBS containing 2% FBS, plated in triplicate at concen-
trations between 30 and 3 X 10° cells per well onto monolayers
of Mus dunni cells that had been seeded at 1.0 x 10* cells
mi~" per well on the previous day and then co-cultured for
2 days. After washing with PBBS and fixation with methanol,
F-MuLV-infected cell foci were stained with mAb 720 (18),
visualized by using the avidin-biotinylated peroxidase com-
plex (Vector Laboratories, Burlingame, CA, USA) and counted
under a magnifier. The numbers of detected foci are in linear
correlation with the numbers of spleen cells inoculated in the
range between 30 and 3 x 10° cells per well. For the plating of
the whole spleen cells from each mouse, 5 X 10° spleen cells
per well were added similarly to the previously started culture
of Mus dunni cells in 20 wells of a 24-well plate, and the
remaining spleen cells were diluted and plated at 5 X 10° and
5 x 10* cells per well into separate wells.

Flow cytometry
Flow cytometric analyses of cell-surface markers were per-

' formed as described elsewhere (14, 17, 25). Spleen and bone

marrow tissues were dissociated in PBBS containing 2% FBS,
and a single-cell suspension was prepared by passing each
dissociated tissue through a nylon mesh. Cells were stained
with a combination of the following mAbs, washed three times
with PBBS containing 2% FBS and 0.05% NaNj3 and stained
with 20 ug mi~" 7-aminoactinomycin D (7-AAD). 7-AAD was
used to exclude dead cells (26). The mAbs and their final
concentrations used in the present study were: cychrome-
conjugated anti-mouse CD3 (hamster IgG, PharMingen, San
Diego, CA, USA) at 0.5 pg per 10° cells, FITC-conjugated
anti-mouse CD4 (rat igG2b, Seikagaku Corporation, Tokyo,
Japan) at 0.5 pg per 10° cells, R-PE-conjugated anti-mouse
CD8 (rat IgG2a, Caltag Laboratories, Burlingame, CA, USA)
at 1 nug per 10° cells, PE-conjugated anti-mouse CD19 (rat
lgG2a, PharMingen) at 1 pg per 10° cells, FITC-conjugated
anti-mouse CD69 (hamster IgG, PharMingen) at 1 ug per 10°
cells and allophycocyanin-conjugated anti-mouse TER-119
(PharMingen) at 0.2 ug per 10° celis. TER-119 reacts with
a molecule associated with glycophorin A, and marks the late
erythroblasts and mature erythrocytes, but not burst-forming
and colony-forming units of erythroid cells (27). Biotinylated
mAb 720 (IgG1) and 514 (IgM) used for the detection of
F-MulLV gp70 and SFFV gp55, respectively, on infected cell
surfaces has been described (13, 17). mAb 34 (lgG2b)
reactive with the p15 (MA) protein (28) was similarly purified
and biotinylated to detect cell-surface expression of the gag
gene products (19). All staining reactions were performed in
the presence of 0.25 ng per 10° cells anti-mouse CD16/CD32
(PharMingen) as described previously (25) to prevent the
binding of mAb to FcR-expressing cells. Isotype-matched
control antibodies were either purchased from the same
suppliers or prepared as purified and biotinylated Ig of an
irrelevant specificity as described (25), and staining patterns
obtained with the negative-control antibodies were used to
draw demarcation lines between celis positively stained and
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those not stained. Multicolor flow cytometric analyses were
performed with a Becton Dickinson FACSCalibur and Cell-
Quest software (Becton Dickinson Immunocytometry Systems,
San Jose, CA, USA). Mature erythrocytes and dead cells were
excluded from the analyses by setting a polygonal gate in the
dot plots showing intensities of forward scatter and fluores-
cence for 7-AAD.

Titration of serum antibody reactive fo the surface of
FV-induced leukemia cells

Sera were serially diluted between 1/4 and 1/256 with PBBS
and 100 pl of each dilution was incubated with 10° FV-induced
leukemia cells Y57-2C (H2°P). Characteristics of the leukemia
cell line used in the present study have been described (14).
After washing twice with PBBS containing 2% FBS, bound IgM
and 1gG were differentially detected by incubating the cells
either with FITC-conjugated anti-mouse 1gM (p-chain specific,
Southern Biotechnology Associates, Inc., Birmingham, AL,
USA) at 5 ug per 10° cells or with FITC-conjugated anti-mouse
IgG (y-chain specific, Zymed Laboratories, Inc., South San
Francisco, CA, USA) at 1.5 ug per 10° cells, respectively, for
20 min. Stained cells were washed three times before being
examined by flow cytometry as described above.

Purification of T cells and their transfer

Purification of T cell subsets from the spleen of naive,
immunized and/or FV-infected mice was performed by using
mAb-conjugated magnetic microbeads and a magnetic cell
sorter | (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
according to the manufacturer's instructions. Spleen cells
were first treated with Tris-buffered ammonium chioride
solution to lyse erythrocytes, and incubated with anti-B220
mAb-conjugated magnetic beads to remove B cells by
passing through a negatively selecting CS column. To purify
CD4* Tcells, B220~ cells were then incubated with anti-CD8
mAb-conjugated magnetic beads, passed through a CS
column to remove CD8* cells and then incubated with anti-
CD4 mAb-conjugated microbeads to positively select CD4*
cells by passing through a VS column. Multicolor flow
cytometric analyses revealed that the resultant cell prepar-
ation was >99% CD4*. CD8* celis were similarly purified from
B200~ cells by removing CD4* cells and positively selecting
CD8" cells. This preparation was 97-98% CD8* in repeated
experiments. Percentages of CD4* and CD8" T cells in the
spleen after FV inoculation were determined by flow cytometry
in CB6F; mice immunized with peptide i. To reconstitute the full
number of T cells that belonged to each subset in the
immunized mice, unimmunized recipient mice were injected
intravenously with 2 X 107 t0 2.5 X 107 CD4* or CD8* T cells
per mouse.

Depletion of CD4* T cells

Anti-mouse CD4 mAbs were purified from culture supernatant
of the hybridoma cell GK 1.5 (29) as described previously (13,
25). Control rat myeloma IgG was purchased from Zymed
Laboratories, Inc. The amount of the mAbs required for
complete depletion of CD4* T cells from CB6F, mice was
determined by intravenously administering the purified mAb
and monitoring the number of CD4* and CD8" cells in the

spleen by flow cytometry. The schedule of mAb administration
finally adopted was as follows: CB6F; mice were immunized
with 3 pg per mouse of peptide i emulsified in CFA. Three weeks
later, mice were intravenously given 125 ug per mouse purified
anti-CD4 mAb. Five additional intravenous doses of 125 ng per
mouse anti-CD4 mAb were given 2, 4, 6, 9 and 18 days after the
first administration. The negative-control rat IgG was given to
a separate group of mice on the same schedule. Mice were
inoculated with 150 spleen focus-forming units (SFFU) FV 7
days after the beginning of the mAb administration. Peripheral
blood was collected from three representative animals at each
time point through the tail vein at post-infection day (PID) 3, 6,
10 and 13, and flow cytometric analyses were performed to
confirm the absence of CD4* T cells.

Statistical analyses

Differences in survival curves expressed by the Kaplan-Meier
method were compared by a Mantel-Haenszel logrank test
using GraphPad Prism 3 (GraphPad Software, Inc., San
Diego, CA, USA). The numbers of mice that developed or
lacked splenomegaly were compared between the immunized
and unimmunized groups by Fisher's exact test. Average
numbers of infectious centers between experimental groups
and anti-leukemia cell antibody titers were compared by
Mann-Whitney's U-test because these values were not
expected to follow a Gaussian distribution. Differences in
IgM and IgG titers of virus-neutralizing antibodies were
compared by paired t-test. Spleen weights and percentages
of TER-119%, gp70* cells in the spleen and bone marrow
between the immunized and unimmunized groups of mice
were compared by Student’s or Welch's t-test depending on
whether the variances of the compared samples were
estimated to be equal or not.

Results

Suppression of the early growth of FV-infected erythroid
cells and prevention of leukemic death in highly
susceptible CB6F; mice by immunization with a
single-epitope CD4™* T cell vaccine

Mice of BALB/c background are extremely susceptible to
FV-induced disease, and CB6F; mice all died within 60 days
after infection with only 15 SFFU of FV without showing any
signs of spontaneous recovery (Fig. 1a). This was striking
because even (B10.A X A/WySn)Fy mice that have been used
as a strain typically susceptible to FV infection have shown
mortality rates of 70-80% at 90-100 days after inoculation with
16 SFFU FV (1, 5). Therefore, the following immune protection
experiments were performed in CB6F, mice with 150 SFFU of
FV to ensure that peptide-induced immune responses protect
this highly susceptible strain of mice from doses of FV large
enough to kill all unimmunized animals.

The efficacy of peptide i in priming CD4™ T cells in vivo has
been demonstrated by the establishment of CD4* Tcell clones
reactive to this peptide from the peptide-immunized CB6F4
mice (23), and by more pronounced expansion of CD4" T cells
in the spleen after FV challenge in the peptide-immunized than
in the unimmunized control CB6F; mice (14). To directly de-
monstrate the priming of CD4* T cells in peptide-immunized
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