%AGyss
T T——
TaGo, 1L 1 2°26,,
TO0), ——— 20(0,),
AGyss ®

The symbols represent Hb dimer (D) and tetramer
(T) species, with liganding by O,. (Hb dimer is the
noncooperative two-subunit «,B, half-molecule.)
The equilibrium free energy for O, binding is
indexed to the dimer (PAG,,) or tetramer (TAG,).
The free energy for subunit dissociation is in-
dexed to unliganded (°AG,,,) or four-liganded
(*AGy¢s) Hb. The AG values are defined in Eqg. 3
from left species to right and from top species to
bottom. The cooperative free energy, AG,,, is
the difference in energy for O, binding to a
cooperative hemoglobin tetramer instead of two
noncooperative dimers (Eq. 4).

AGcou:vp = TAGox -2 DAGox = OAGduss — *AGgss

@

An analogous equation can be written for any

modified Hb. The change in cooperative free

energy due to the modification (8AG m°9 ) can

then be obtained by subtracting the two equa-

tions (Eq. 5).

BAG™ % o0p = 8TAGox — 25PAGox

= 8OAGdlss - 84AGdlss (5)

All of the equations used here are written to make

loss in allosteric cooperativity and in structural
stability appear as positive free energy changes.

The term 8AG ™9, was obtained from O,-
binding curves according to Eq. 6 (9), which
connects the change in cooperative free energy
to the median partial pressure measured for un-
modified Hb (P, ,;,a) and modified Hb (P, 0q)
[at 5.5° = 0.5°C in a Gill apparatus; (74)].

SAGT‘Odcoop = - 4HT|n(Pm.mod)/(Pm.HbA) (6)

Here 3AG ™9 . is formally equal only to 8TAG,,,

in Eq. 5 (9). However, the term 23PAG,, is nor-

mally zero, since the Hb dimer (half-molecule) is
noncooperative and is unaffected by allosteric
modifications. Accordingly, the 8AG values from

Eq. 6, listed in Table 1 under “O, binding,” can be

directly compared to the subunit dissociation val-

ues obtained from experimental measurement of
the last two terms in Eq. 5. This comparison is

shown in the two columns at the right of Table 1.

Modification-specific free energies obtained from

changes in HX rate were measured in deoxy Hb

(Eq. 2b); thus, they are more properly compared

to the term for dissociation of unliganded Hb,

8°AG,,.. This comparison is shown in the two left
columns of Table 1.
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Vaccine Protection of Chimpanzees Against
Challenge with HIV-1-Infected Peripheral Blood
Mononuclear Cells

Patricia N. Fultz,* Peter Nara, Francoise Barre-Sinoussi,
Agnes Chaput, Michael L. Greenberg, Elizabeth Muchmore,
Marie-Paule Kieny, Marc Girard

Because human immunodeficiency virus (HIV) can be transmitted as cell-free virus or as
infected cells (cell-associated virus), vaccines must protect against infection by both viral
forms. Vaccine-mediated protection of nonhuman primates against low doses of cell-free
HIV-1, HIV-2, or simian immunodeficiency virus (SIV) has been demonstrated. It is now
shown that multiple immunizations of chimpanzees with HIV-1 antigens protected against
infection with cell-associated virus. Protection can persist for extended periods (one animal
had not been exposed to viral antigens for 1 year before challenge). These results show
that it is possible to elicit long-lasting protective immunity against cell-associated HIV-1.

Irrespective of the stage of infection or
disease, persons infected with HIV have
both virus-infected cells (cell-associated vi-
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rus) and cell-free virus (1). Transmission of
HIV can occur with either or both forms of
virus, especially through exchange of
blood, as occurs among intravenous drug
abusers. Although data regarding the quan-
tity and primary form of HIV in vaginal and
seminal fluids are limited (2), it can be
assumed that both cell-free and cell-associ-
ated viruses are also transmitted through
sexual contact. Therefore, any effective
vaccine against HIV must protect against
both viral forms.

Infection of either chimpanzees with
HIV-1 or macaque species with HIV-2 or
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SIV has been used to show that vaccination
can elicit protection against challenge with
these lentiviruses (3-5). In all cases, how-
ever, protection was demonstrated against
low doses of infectious cell-free virus. We
show that immunized chimpanzees were pro-
tected against intravenous challenge with
peripheral blood mononuclear cells (PBMC)
from an HIV-infected chimpanzee.
Chimpanzee C-339 was immunized with
various HIV-1 antigens (Table 1) and was
subsequently challenged with an intrave-
nous injection of 100 median tissue culture
infectious dose (TCIDs,) of cell-free HIV-1
(4, 6). This animal remained virus negative
by multiple criteria and did not develop an
anamnestic antibody response to HIV
through 40 weeks after challenge. Because
in vivo studies had indicated that immune
stimulation induced increases in HIV-1 ex-
pression in infected chimpanzees (7), and

" to ensure that C:339 had indeed been

protected from infection, we attempted to
induce detectable expression of putative
latent virus by stimulating the animal’s
immune system. At week 40 after chal-
lenge, C-339 was inoculated with the Syn-
tex adjuvant formulation, SAF-1, and at
weeks 44 and 48, with a mixture of HIV-1
antigens (8). None of these inoculations
resulted in detection of the virus, as indi-
cated by cocultivation of C-339’s PBMC
with normal human PBMC. The injections
of HIV-1 antigens, however, served as
booster immunizations, and increases in
both total antibodies to HIV-1 (Fig. 1) and
neutralizing antibody titers (twofold) were
observed.

At week 52, C-339 and a control chim-
panzee, C-435, were challenged intrave-
nously with HIV-l-infected cells. The
challenge inoculum consisted of cryopre-
served PBMC obtained from a chimpanzee,
C-087, 14 weeks after infection [positive
control in another vaccine study (4)] with
HIV-1,,, (HTLV-IIIB strain). Although it
is possible that the PBMC inoculum may
have contained some cell-free virus, it is
likely that few, if any, virions were present
as a result of its preparation (9). Because
the minimal infectious dose of HIV-infect-
ed cells required for infection of chimpan-
zees has not been determined, and because
of the limited number of available chim-
panzees, the challenge dose was selected
empirically. This selection was based on the
results of multiple in vitro titrations (7) of
aliquots of the cryopreserved PBMC from
C-087. Because there has been good agree-
ment between in vitro TCIDs, determina-
tions for cell-free virus and 50% animal
infectious doses for both HIV-1 infectious
stocks for chimpanzee inoculations and a
majority of SIV stocks used to inoculate
macaques, there is no reason to believe that
infected cells would give substantially dif-
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ferent results. In fact, one would assume
that ten HIV-infected cells would be more
infectious than ten virions because even
one cell actively producing virus has the
potential to produce several log,, virus
particles. If one assumes that one infected
cell is sufficient for a culture to become
virus positive, then the PBMC titrations
indicated that there was a mean of 250
infectious cells (range of 1 SD, 161 to 385
cells) per 107 total PBMC (10). Chimpan-
zees C-339 and C-435 were inoculated in-
travenously with a 1-ml suspension, which
contained 5.8 X 10° viable PBMC or 15
infectious PBMC (range of 1 SD, 9 to 22
cells); this dose reflects a minimum number
of infectious cells present.

After inoculation, the animals were ob-
served daily, and blood samples were ob-
tained every 2 weeks for a period of 8 weeks
and at monthly intervals thereafter. Virus

isolation attempts were performed by co-

cultivation of PBMC with phytohemagglu-
tin (PHA)-stimulated normal human
PBMC, as described (4). We also attempt-
ed to isolate virus from bone marrow aspi-
rates obtained at 3 and 9 months and from
lymph node biopsies at 6 and 11 months

Fig. 1. HIV-1—specific antibody titers in serum
from C-339 (@) and C-435 (X). Titers are given
as the last serum dilution that was positive in an
HIV-1 whole virus EIA kit (Genetic Systems,
Seattle, Washington). Week 0 is the time at
which C-339 was first challenged with cell-free
HIV-1. The small open arrow indicates the time
at which C-339 was inoculated with SAF-1
adjuvant, and the two small closed arrows
indicate times at which C-339 received injec-
tions of HIV-1 antigens formulated with SAF-1.
HIV-1, times at which C-339 was challenged

after inoculation. At 4 weeks after chal-
lenge and at every time thereafter, virus was
isolated from PBMC as well as bone marrow
and lymph node samples from the control
C-435. In contrast, virus was not isolated
from PBMC, bone marrow, or lymph node
biopsies from the immunized chimpanzee,
C-339. Polymerase chain reaction (PCR)
analyses with both env and pol primers (4,
11, 12) of DNA isolated from C-339’s
PBMC and bone marrow aspirates were
consistently negative. HIV-specific anti-
bodies were detected in serum from C-435
initially at 8 weeks after challenge, and
titers continued to rise through week 24
(Fig. 1). However, no anamnestic response
was detected in serum from C-339, and
antibody titers to HIV-1 diminished slight-
ly, then remained stable.

At the time of challenge, C-339’s serum
contained neutralizing activity against cell-
free HIV-1. We also tested in vitro whether
C-339’s serum could interfere with trans-
mission of virus from PBMC from an HIV-
l-infected chimpanzee to normal human
PBMC. Compared to serum obtained from
C-339 before immunization, which had no
inhibitory activity, serum from weeks 0 and

HIV-1 HIV-PBMC HIV-1
1 v v
2x105
8 1x108
>
°
]
= 1x10%
E 1x1 - d"
= /
w LE X I
<1x103 - - : : ;
0 20 40 60 80 100 120

Weeks after cell-free HIV-1 challenge

with cell-free HIV-1; HIV-PBMC, time at which both C-339 and C-435 were challenged with

cell-associated HIV-1 (PBMC from C-087).

Table 1. Immunization history of chimpanzees prior to challenge with HIV-infected cells.

Prior Status at time of

chal- cell-associated challenge

lenge
Animal Immunization* with EIA Neutral

cell- eutral- '

roe  ant-HV  izing s e

HIV-1 titert titert v
C-339 Inactivated HIV gp160, V3-KLH Yes 25,600 1:64 None
C-435 None No <100 <4 Week 4
C-499 gp160, p18, 21 V3 peptides Yes 6,400 1:512 None
C-447 gp160, p18, p25, vif, nef, V3 peptide No 6,400 1:256 None

*Immunogens and regimen of inoculation for C-339 and C-499 are described in (4). Originally in parallel with
C-499, C-447 was immunized intramuscularly with a mixture of HIV-1,_, gp160env, p18gag, vif, and nef proteins
(125 to 150 pg each per dose), formulated in SAF-1 and administered seven times over 15 months. After a
13-month rest period, C-447 was given a booster immunization of 150 ng each of purified gp160envand p18gag
in SAF-1. This was followed 4 months later by three injections at monthly intervals of a mixture of nefgene and V3
peptides from the human T cell lymphotropic virus (HTLV)-IIIB strain. The nef-encoded peptide represented a CTL
epitope in this protein (20). Challenge with cell-associated HIV-1 was 11 weeks after the last injection of

peptides.
Genetics Systems HIV-1 EIA kit.
formation in CEM-SS cells as described (217).

TEIA titers are the reciprocal of the highest dilution of serum that gave a positive result using the
1Neutralizing antibody titers were determined by inhibition of syncytia
§Attempts at virus recovery from PBMC were by cocultivation

with normal human PBMC biweekly for 8 weeks and then monthly. For C-435, time at which virus was first

recovered from PBMC.
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52 inhibited virus transmission and produc-
tion by 68 and 75%, respectively (Fig. 2).
Serum from week 24 showed less inhibi-
tion, which probably reflects a gradual loss
of activity after the initial virus challenge.
The subsequent increase in inhibitory ac-
tivity at week 52 resulted from the HIV-1
booster injections that C-339 received at
weeks 44 and 48.

After the apparent success at preventing
infection of C-339 by cell-associated HIV-
1, two additional immunized chimpanzees
were challenged with an equivalent number
of infectious cells from the same cryopre-
served PBMC stock from C-087 (Table 1).
One chimpanzee, C-499, which had been
immunized, challenged with cell-free HIV-
1, and remained virus negative for 1 year
(4), was not reimmunized before challenge
with HIV-infected PBMC. The second an-
imal, C-447, had not been exposed previ-
ously to infectious HIV-1.

After challenge, these two chimpanzees
were monitored in the same manner as
C-339. HIV-1 antibody titers in both ani-
mals remained stable, and virus was not
isolated from any of the blood or tissue
samples. At 7 months after challenge,
C-499 died as a result of congestive heart
failure. Peripheral blood and bone marrow
cells, as well as minced tissue fragments
from brain, spleen, lymph nodes, kidney,
liver, and salivary gland, were cocultivated
with human PBMC. All cultures were mon-
itored for 6 weeks and remained negative
for reverse transcriptase activity. DNA ex-
tracted from these tissue samples on three
separate occasions, in two different labora-
tories, was subjected to conventional and
nested PCR analysis a total of six times with
either env or gag primers (4, 12, 13). None
of the tissues was positive.

All PBMC, bone marrow, and lymph
node samples from the other animal,
C-4417, remained negative for virus by co-
cultivation and PCR analysis through 12
months of follow-up. Thus, three of three

C-339 preimmune
Positive control

C-339 week 0

C-339 week 24

C-339 week 52

0 20 40 60 80 100
Percent of RT activity

Fig. 2. Inhibitory effects of serum from C-339 on
cell-to-cell transmission of HIV-1. Results are
the averages of three experiments, performed
as described (79), and are depicted as percent
of RT activity in wells containing preimmune
serum from C-339 (on day 15). Error bars
represent 1 SD.



immunized chimpanzees were apparently
protected (as assessed by conventional crite-
ria) from infection by HIV-1-infected cells.

At the time of challenge with HIV-
infected PBMC, C-447 and C-499 had
lower HIV-1 enzyme-linked immunosor-
bent assay (EIA) antibody titers but sub-
stantially higher neutralizing antibody titers
compared with those of C-339 (Table 1).
Serum samples obtained from C-447 and
C-499 on the day of challenge were tested
in vitro and found to inhibit cell-to-cell
transmission of HIV-1 by 25 and 52%,
respectively. Although these levels were
less than the 75% inhibition observed with
serum from C-339 on the day this animal
was challenged, it is possible that this ac-
tivity contributed to the protective re-
sponse. Whether this assay is a reliable
predictor of protection against cell-associat-
ed virus challenge cannot be determined
with these limited data.

When C-339 had been virus free for 1
year after the cell-associated HIV-1 chal-
lenge (week 104 relative to the initial
cell-free virus challenge), the animal was
inoculated again with a dose of cell-free
HIV-1 equivalent to that used for the first
challenge (4, 14). HIV-1 was first detected
in PBMC from C-339 at 4 weeks, and an
increase in HIV-1 EIA antibody titer was
observed at 6 weeks after challenge (Fig. 1).
C-339 had not been exposed to HIV-1
antigens during the 12 months before this
second challenge with cell-free HIV-1.
Thus, it appeared that the immune re-
sponse elicited by vaccination did not per-
sist at a level sufficient to protect against
this last exposure to virus. C-339 became
infected despite the presence of an appar-
ently stable humoral response, which shows
that this animal was not inherently resist-
ant to HIV-1 infection. )

The mechanism of protection of the
three chimpanzees against challenge with
HIV-infected cells is not known. Because
C-087 and the three chimpanzees that were
challenged with HIV-infected PBMC from
C-087 were not siblings, the possibility that
the four animals shared identical major
histocompatibility complex (MHC) haplo-
types is low. Thus, one would assume a
priori that the initial protection against
C-087’s PBMC was not mediated by classi-
cal MHC-restricted cytotoxic T lympho-
cyte (CTL) activity. We have been unable
to detect CTL activity directly in peripheral
blood lymphocytes from immunized chim-
panzees. If CTLs are present, they must
reside predominantly in other lymphoid
tissues, and their frequency in the circulat-
ing pool of PBMC is very low or nonexis-
tent. As another measure of cell-mediated
immunity, PBMC obtained from all three
chimpanzees on the day of cell-associated
virus challenge were tested in vitro for the

ability to prevent cell-to-cell transmission.
Although some inhibitory activity was de-
tected, results were inconsistent (data not
shown), and this assay did not correlate
with protection in vivo.

More likely mechanisms of protection
might be antibody-dependent cellular cyto-
toxicity (ADCC), previously detected in
serum from the three immunized animals
(15), and antibody complement-mediated
cytotoxicity, which has been reported in
HIV-1-infected chimpanzees (16). These
animals had antibodies that neutralized
cell-free virus and partially inhibited cell-
to-cell transmission. Some of this latter
activity may have been due to antibodies to
the V3 loop which inhibited cell fusion.
Such antibodies have been shown to pro-
tect chimpanzees from infection with cell-
free HIV-1 after passive antibody transfer
(17). It is probable, however, that both
HIV-specific antibodies and cell-mediated
activities synergized to effect protection.

The protection observed here is most
likely different from that associated with
anti-cell activity reported to mediate pro-
tection in macaques immunized against SIV
(18). When serum from the chimpanzees
was tested for the presence of antibodies to
human cellular antigens, only serum from
C-339 was positive. This is consistent with
the observation that C-339 was immunized
with whole inactivated HIV, whereas
C-447 and C-499 were vaccinated only
with purified antigens or antigens expressed
by recombinant vaccinia viruses.

Ideally, a vaccine should be one that
elicits long-lasting immunity after a mini-
mal number of immunizations. Although
we have observed long-lasting, stable EIA
and neutralizing antibody titers in our im-
munized chimpanzees, these were achieved
with a large number of immunizations over
a 2-year period. These regimens are not
practical for use in human populations.
Although progress in HIV-1 vaccine devel-
opment has been made (3-5), a continuing
challenge is to define mechanisms by which
immunization blocks experimental infec-
tion and establishment of virus load.
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Myoglobin in a Cyanobacterium

Malcolm Potts,* Stephen V. Angeloni, Richard E. Ebel,
Deeni Bassam

Myoglobin was found in the nitrogen-fixing cyanobacterium Nostoc commune. This cy-
anobacterial myoglobin, referred to as cyanoglobin, was shown to be a soluble hemo-
protein of 12.5 kilodaltons with an amino acid sequence that is related to that of myoglobins
from two lower eukaryotes, the ciliated protozoa Paramecium caudatum and Tetrahymena
pyriformis. Cyanoglobin is encoded by the gibNgene, which is positioned between nifUand
nifH—wo genes essential for nitrogen fixation—in the genome of Nostoc. Cyanoglobin was
detected in Nostoc cells only when they were starved for nitrogen and incubated mi-

croaerobically.

Cyanobacteria may have figured in the
evolution of Earth’s oxygenic atmosphere
(I). Many cyanobacteria have nitrogenase,
an enzyme that catalyzes the reduction (fix-
ation) of dinitrogen; as a group, these pho-
tosynthetic microorganisms are responsible
for much biological dinitrogen fixation (2).
Nitrogenase is sensitive to gaseous oxygen,
and cyanobacteria use various mechanisms
to achieve aerobic nitrogen fixation, in-
cluding attenuation of the oxygen tension
in the immediate vicinity of nitrogenase.
For example, some cyanobacteria can effect
either a spatial or temporal separation, or
both, of their oxygen-evolving and nitro-
gen-fixing activities (3, 4), whereas others
restrict their nitrogenase activity to a special-
ized differentiated cell, the heterocyst. During
the course of its differentiation, the heterocyst
is modified structurally and biochemically in
order to provide a reducing environment con-
ducive to nitrogen fixation (5). Marked
changes in gene expression accompany het-
erocyst differentiation and include the induc-
tion of the nif operons (6).

Of the heterocystous cyanobacteria, spe-
cies of Nostoc are especially prevalent in
terrestial environments from the tropics to
the polar regions, where they often enter
into associations with a variety of higher
and lower plants (7). One of these species,
Nostoc commune, forms visually conspicu-
ous colonies in the shallow natural depres-
sions of limestone rock in karst areas. We
isolated the nifUHD gene cluster from the
strain Nostoc commune UTEX 584 (8).
DNA sequence analysis revealed an open
reading frame (ORF) of 118 codons, poten-
tially encoding a 12.5-kD protein, between
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nifU and nifH that showed no obvious
similarity in either DNA or amino acid
sequence with any known nif genes or Nif
proteins, respectively (Fig. 1A). However,
marked similarity was apparent, both in size
and in amino acid sequence, to the myo-
globins of the ciliated protozoa Paramecium
caudatum and Tetrahymena pyriformis,
which contained 116 and 121 amino acids,
respectively (9, 10). We used the polymer-
ase chain reaction (PCR) (I1) to amplify
glbN, subcloned glbN into an expression
vector (pT7-7), and overexpressed the re-
combinant protein in Escherichia coli (Fig.
1A) (12). A 12-kD protein was revealed by
electrophoresis of whole-cell lysates from
IPTG (isopropyl-B-D-thiogalactopyranoside)-

Fig. 1. Chromosomal location of g/bN and
purification of recombinant GIbN protein. (A)
The position of gibN in the nifUHD cluster of
Nostoc commune (8) and the region amplified
by PCR are represented schematically. Note
that the nifU-nifH intergenic region of the relat-
ed cyanobacterium Anabaena sp. strain
PCC7120 is devoid of any ORF (22). The two
oligonucleotides used were 5'-CTGGCATAT-
GAGCACATTGTACG-3' and 5-GCGAAGCT-
TCGATAGGACTTGAT-3'. These are comple-
mentary to the 5’ end of g/lbN and to a region 50
bp downstream of its 3’ terminus, respectively.
Recognition sites for Nde | and Hind Il were
introduced into the oligonucleotides to permit
subsequent subcloning of the PCR product in
the desired orientation in pT7-7. The sequence
of gibNis 357 bp; the engineered PCR product
was 422 bp. The first five amino acid residues
of GIbN—represented by bases 8 to 22 in the
first oligonucleotide—are Met, Ser, Thr, Leu,
and Tyr. The sequence of glbN has been sub-

induced (Fig. 1B, lanes C and D) cells
carrying the cloned Nostoc gene (13); the
protein was not revealed in cells uninduced
by IPTG (Fig. 1B). The cell pellets from
GIbN* transformants were bright red in col-
or. Examination of induced cells with light
microscopy did not reveal inclusion bodies.
The recombinant protein partitioned to
the soluble fraction after disruption of
GIbN-expressing E. coli in a French pres-
sure cell. During the course of the purifica-
tion, the color of the protein preparation
changed from bright red to orange-brown,
probably the result of auto-oxidation of the
protein to the ferric (met)-form. This is a
characteristic of myoglobins and hemoglo-
bins isolated from other sources. The or-
ange-brown fraction, obtained after ion-
exchange chromatography, ultrafiltration,
and gel-exclusion chromatography, was
judged to be homogenous when examined
by SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) and silver staining (Fig. 1B).
The molecular sizes of GIbN estimated from
gel filtration and SDS-PAGE were 15 kD
and 12 kD, respectively. These data indi-
cate that recombinant GIbN is a monomer.
The ultraviolet (UV)-visible spectrum
of the recombinant GIbN was consistent
with that of a high-spin ferric hemoprotein,
with a maximum absorbance in the Soret
region at 412 nm (Fig. 2). Reduction with
sodium dithionite shifted the Soret peak to
422 nm, whereas addition of carbon mon-
oxide to the reduced protein caused a shift
in the Soret peak to 419 nm. These data
demonstrate that the reduced protein has
an open ligand position that can bind car-
bon monoxide and probably molecular ox-
ygen. As no cysteine residues are present in

Hind 11

A 357 bp

5[ niv GONR=| nit H nifD |_3
T
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B a b c d

mitted to GenBank (accession number M92437). (B) Lysates from uninduced (lanes a and b) and
induced cells (lanes ¢ and d); purified GIbN prepared by liquid chromatography and examined by
SDS-PAGE (lane e). Lanes b and d were loaded with one-tenth the amount of total protein present in
lanes a and c. Molecular sizes in kilodaltons are shown at the left. Proteins were detected with
Coomassie blue stain (lanes a to d) or silver stain (lane e). GIbN, recombinant cyanoglobin; Or, origin.
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