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Summary

Masking of host cell receptors following retroviral infection is the basis for the phenomenon
of virus interference. Amphotropic retrovirus vectors were used to express the HIV envelope
glycoprotein in a human CD4™ cell line. Envelope expression is accompanied by a reduction in
the level of surface CD4 receptor molecules and correlates with the presence of intracellular
envelope—CD4 receptor complexes. Cells expressing the HIV envelope acquire a cytolysis-
resistant phenotype such that infection with HIV leads to a noncytopathic persistent virus
infection. Furthermore, phorbol ester—mediated stimulation of viral replication in persistently
infected cells results in renewed cytolytic effects which, due to the absence of CD4 in the

cell population, are absolutely independent of syncytium formation. This study elucidates the
mechanism by which viral persistence is initiated and maintained in the course of AIDS.

Introduction

The human acquired immune deficiency syndrome (AIDS) is characterized by a depletion of
T4 positive helper lymphocytes. The resulting immune dysfunction leads to the development
of life-threatening opportunistic infections which are ultimately the cause of death in AIDS
patients (Gottlieb et al., 1981; Masur et al., 1981). HIV, the etiologic agent of AIDS
(Barre-Sinoussi et al., 1983; Levy et al., 1984; Gallo et al., 1984), appears to play a direct
role in the CD4 cell depletion process. In vitro, HIV exhibits a profound tropism for

human CD4 helper lymphocytes (Dalgleish et al., 1984). Infection of these CD4 positive
lymphocytes results in the appearance of multinucleated giant cells or syncytia, and, in
certain cell lines, the complete destruction of the infected culture. Cell lines do, however,
vary in their susceptibility to AIDS virus—mediated cytopathic effects and, in certain cases,
infection of the cell line by HIV results in a noncytopathic persistent infection rather than
destruction of the host cell (Dalgleish et al., 1984; Casareale et al., 1987; Kikukawa et al.,
1986; McDougal et al., 1985; Hoxie et al., 1985). A common feature of persistently infected
helper T lymphocyte cell lines is a loss or dramatic reduction in expression of the host

CD4 receptor glycoprotein (Dalgleish et al., 1984; Folks et al., 1986; Stevenson et al., 1987;
Klatzmann et al., 1984a; Hoxie et al., 1986). The reduction in CD4 receptor expression by
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the infected host cell appears to be directly mediated by the virus, either by interfering with
transcription of the CD4 cell receptor gene itself (Hoxie et al., 1986), or more probably by
posttranscriptional events that interfere with localization of the CD4 receptor on the host
cell surface (Stevenson et al., 1987). One possible explanation for the ability of persistently
infected cell lines to resist cytopathic effects of HIV could be the inability of these CD4
depleted cells to form syncytia, since syncytium formation is absolutely dependent upon
the expression of HIV envelope on infected cells and the expression of CD4 receptors

on uninfected cells (Lifson et al., 1986; Sodroski et al., 1986a). However, we propose

that the reduction in CD4 receptor expression, which accompanies the persistent infection,
is indicative of superinfection resistance such that these persistently infected cells are no
longer susceptible to second round infection by progeny virus. In this paper, direct evidence
is provided for the ability of the HIV envelope glycoprotein to modulate CD4 expression
and induce interference in cytolysis sensitive CD4" cells by restricting accumulation of
unintegrated viral DNA. We also demonstrate that cytolysis can be incluced in persistently
infected cells by a process that is completely independent of syncytium formation. It is
proposed that envelope-mediated interference and superinfection resistance provides the
basis for viral persistence and latency in the course of AIDS. Furthermore, interruption of
latency by factors that induce viral replication and subsequent cytolysis may lead to the CD4
cell depletion without the involvement of syncytium formation.

Amphotropic retroviral vectors were used to insert and express the HIV envelope gene in
the acute lymphoblastic CD4 positive T cell line CEM. Initial attempts to express the HIV
envelope gene in the absence of the tat and art/trs genes were unsuccessful due to the
extremely low production of envelope glycoprotein in CEM cells. Subsequently, we used

a 3.1 kb Sall-Xhol fragment excised from an almost full-length proviral HIV DNA clone
(N1G-F) (Figure 1) for the efficient expression of HIV envelope glycoprotein. This fragment
was inserted in forward orientation into the Sall site of the retroviral expression vector
pDOL (Korman et al., 1987). Recent work has demonstrated the absolute requirement of

the tat and art/trs viral gene products for the efficient translation of envelope glycoprotein
from the cognate messenger RNA (Knight et al., 1987). In expectation of possible problems
encountered with low expression of the HIV envelope because of low transcriptional activity
of the murine leukemia virus (MLV) long terminal repeat (LTR) sequences in certain

cell lines, the highly active constitutive promoter of the cytomegalovirus immediate early
gene (Boshart et al., 1985) was inserted 5" of the HIV envelope coding sequences. The
presence of this CMV promoter gives an approximately 3-fold increase in CAT expression
in CEM cells when compared with that produced from the retroviral long terminal repeat
(M. Stevenson, unpublished data). In addition, the presence of the CMV promoter did not
appear to affect greatly packaging of the retroviral vector as determined by colony forming
assays on infected G418 selected NIH 3T3 cells. For comparison, the tat gene (obtained as

a 2700 base EcoRI-BamHI fragment of N1G-F) was also inserted into pDOL. The retroviral
vectors were packaged in the amphotropic packaging line PA317 (Miller and Buttimore,
1986), and 2 days following transfection, CEM cells were infected by cocultivation with

the transfected PA317 cells. Following selection in G418, cell lines were analyzed for the
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presence of integrated vector sequences by Southern blot hybridization (Figure 2A). Use of a
number of restriction enzymes demonstrated that the HIV envelope and promoter sequences
had been transferred faithfully into the CEM cell lines and that no major deletions had
occurred during retroviral packaging and insertion of the provirus (Figure 2). In addition,
use of the Hindlll enzyme, which cuts only once between the MLV LTRs (Figure 1),
demonstrated that the G418 resistant cell population was clonal and contained a single copy
of the pDOL CMV:-env and pDOL tat provirus (Figure 2). Polyadenylated RNA fractions
were purified from the G418 resistant cell lines, immobilized on nylon membranes, and
hybridized with an HIV-specific DNA probe (Figure 3A). The blot was also hybridized to

a p-tubulin probe (Hall et al., 1983) to demonstrate that equivalent amounts of RNA were
analyzed in each sample. Only CEM cells infected with retroviral vectors carrying HIV
envelope and tat genes hybridized to an HIV probe spanning the complete envelope open
reading frame (Figure 3A). Thus, correct integration of the provirus was accompanied by
constitutive promoter activity with the generation of transcripts containing HIV sequences.
The presence of the internal CMV promoter downstream of the MLV LTR sequences

did not appear to influence viral packaging or the level of gene transcripts generated.
Northern blot analysis (data not shown) indicated that both the MLV LTR and CMV
promoter were initiating transcription in the infected cell lines. This is to be expected since
initiation of transcripts from the LTR is necessary for inclusion of retroviral encapsidation
sequences (y) on the transcript. CEM cell lines expressing the HIV envelope (pDOL
CMV:-env) and the HIV tat gene (pDOL tat) retained the ability to transactivate an HIV LTR
driven chloramphenicol acetyl transferase (CAT) expression plasmid (PU3RIII, Sodroski

et al., 1985a) as determined by CAT measurements following transfection of the plasmid
into the selected cells (data not shown). This indicated that functional tat 111 was being
produced from both retroviral constructs. The expression of HIV envelope glycoprotein on
the cell surface was confirmed by immunofluorescence staining using a high titer serum
from an HIV seropositive hemophiliac (Figure 3B). CEM cells infected with the pDOL
CMV:-env construct reacted weakly and displayed a membrane type fluorescence (Figure
3B), whereas control CEM cells had no reactivity with the patient’s serum (Figure 3B). By
radioimmunoprecipitation, we could identify the precursor gp160 glycoprotein and gp120
in metabolically labeled whole cell extracts of pPDOL CMV-env CEM cells (not shown)

but not in pDOL tat infected CEM cells. We could not identify with any certainty the
presence of the transmembrane gp41 in the pDOL CMV:-env infected CEM cells. However,
this is probably due to differential reactivity of the serum used for the analysis. Additional
confirmation for the expression of functional HIV envelope was provided by the presence
of syncytia in the envelope vector infected CEM cells (Lifson et al., 1986; Sodroski et al.,
1986b) but not the tat infected lines. However, although most of the cells in the population
were producing envelope (by IF analysis), syncytium formation was only apparent in 1%~
2% of the cells (see giant cell, Figure 3B). Thus, it appears that expression of HIV envelope
in our cell line did not lead to syncytium formation in every cell expressing envelope
glycoprotein.

Effect of HIV Envelope on CD4 Expression

We next determined whether the expression of the HIV envelope gene in CEM cells affected
the level of surface CD4 receptor expression. This was performed by fluorescence-activated
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cell sorter analysis (FACS analysis) using fluorescein conjugated antibodies reactive to two
epitopes of the CD4 receptor (OKT4, OKT4A), and as a control we included a pan-T

cell reactive monoclonal antibody (Leu 1). The OKT4 monoclonal antibody recognizes

an epitope on the CD4 receptor distinct from that involved in the binding of HIV and is
unable to block virus infection, while the OKT4A monoclonal recognizes the HIV binding
site and blocks infection. In addition, OKT4 antibodies are able to coprecipitate the viral
gp120-CD4 complex (Dalgleish et al., 1984; Klatzmann et al., 1984a; McDougal et al.,
1986) and bind CD4 in presence of complexed gp120 (Mathews et al., 1987), indicating that
the OKT4 epitope is not sterically blocked in the CD4-HIV gp120 complex. Fluorescence
profiles showing the reactivity of pDOL CMV-env and pDOL tat infected CEM cells and
normal uninfected CEM cells with these monoclonal antibodies are shown in Figure 4, with
the mean fluorescence channel number indicated on each profile. In CEM cells expressing
the HIV envelope glycoprotein, reactivity with both the OKT4 and the OKT4A monoclonal
antibodies was reduced by approximately 60% when compared with control CEM cells or
CEM cells expressing the HIV tat gene. Since the reactivity with both OKT4 and OKT4A
antibodies was reduced, simple binding of HIV envelope glycoprotein to CD4 at the cell
surface could not account for the observed decrease in CD4 expression. In comparison,
reactivity of the three cell lines with the fluoresceinated Leu 1 antibody was equivalent. The
profiles shown are representative profiles (n = 3) and do not reflect variations in growth rates
of the cells at the point of analysis, or the viability of the cells, which in all cases was greater
than 98%.

Analysis of the configuration of the p-chain of the T cell receptor gene and of the T4

locus in cell lines expressing HIV envelope or tat, or in control CEM cultures, demonstrated
identical restriction patterns between the cell lines (Figure 5A). It did not appear that
expression of envelope or tat genes followed by G418 selection had resulted in an outgrowth
of genetically distinct subclones, thus demonstrating that the reduced CD4 expression in
HIV envelope-expressing CEM cells was not caused by the outgrowth of a CD4 receptor-
depleted subpopulation that preexisted in the CEM cell line (Folks et al., 1985; Folks et

al., 1986). In addition, Northern blot analysis of total cellular RNA demonstrated equivalent
amounts of CD4 receptor mRNA when hybridized to a CD4 specific cDNA (Figure 5B). The
results, taken together, indicate that reduced CD4 mRNA transcription could not account for
the reduced surface CD4 expression in envelope-expressing CEM cell lines.

Envelope/CD4 Receptor Complexing Accounts for CD4 Modulation

We next analyzed the production of CD4 receptor protein in envelope-expressing CEM
cells and in control CEM cells (Figure 6). Immunoprecipitations of 35S-cysteine and
353-methionine labeled cell lysates were performed using both the OKT4 and OKT4A
antibodies. From lysates of HIV envelope—expressing CEM cells (Figure 6, lanes A and B),
the OKT4A (lane A) and OKT4 (lane B) both precipitated a 58 kd protein corresponding to
the size reported for the CD4 glycoprotein (Terhorst et al., 1980). In addition to the 58 kd
band, the OKT4 antibody reacted with two high molecular weight proteins corresponding
to an approximate molecular weight of 120 and 160 kd (Figure 6, lane B). These high
molecular weight bands reactive with the OKT4 monoclonal antibody are proposed to
represent HIV envelope glycoproteins (Hoxie et al., 1986). In support of this, no significant
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reactivity was observed with the OKT4A monoclonal antibody (Figure 6, lane A). This

is to be expected since the OKT4A monoclonal antibody, unlike the OKT4 monoclonal,
competes with the viral envelope for binding to the CD4 receptor (McDougal et al.,

1985; McDougal et al., 1986). Thus, the two high molecular weight precipitates appear

to represent a complex which is formed between the envelope gene expressed in the CEM
cells and the CD4 receptor protein. We did not observe any similar complex formation in
control CEM cells immunoprecipitated with either OKT4 or OKT4A monoclonal antibody
(Figure 6, lanes C and D). Immunoprecipitation analysis of cell culture supernatants from
control CEM cells or envelope-expressing CEM cells did not reveal the presence of

HIV envelope glycoprotein in abundance nor did it reveal the presence of CD4/envelope
complexes in the extracellular medium. We would interpret this as suggesting that little HIV
envelope was being shed into the culture supernatant and, as such, the precipitates observed
(Figure 6) most probably represent intracellular complexes between the envelope and CD4
glycoproteins rather than extracellular complexes. Thus the reduced CD4 expression in
envelope-expressing CEM cells would appear to be a direct consequence of this complex
formation between the envelope moiety of HIV and the CD4 receptor in CD4 positive cells.
Consequently, one could propose that modulation of surface CD4 expression in this system
would be a direct function of the level of HIV envelope attained in respective cell lines
using the retroviral vector system described here. The level of HIV envelope expression was
sufficient to reduce surface CD4 expression in CEM cells by about 60%. However, there
were still available CD4 receptors on the cell surface to mediate HIV infection, allowing

us to analyze the relative susceptibility of the envelope-expressing CEM cell line to direct
infection with HIV and HIV-mediated cytopathicity.

HIV Envelope Induces Cytolysis Resistance

CEM cells expressing either HIV envelope or tat genes and control CEM cells were infected
with HIV at a low multiplicity of infection by suspending the CEM cells in virus-containing
medium. After 24 hr at 37°C, infected cells were washed and resuspended in fresh medium.
At designated time intervals, samples of the culture were removed to determine total cell
count, cell viability, HIV antigen expression by the immunofluorescence method, expression
of surface CD4 receptor, and viral production by reverse transcriptase activity in culture
supernatants.

By seven days postinfection, between 60% and 75% of the cells in each cell line were

HIV antigen positive (by immunofluorescence analysis; Table 1). Increase in viral antigen
positivity in infected CEM cell lines was accompanied by a dramatic reduction in cell
viability in control CEM cells and in CEM cells transfected with the pDOL -tat vector (Table
1). In both cases, the culture had been almost completely wiped out by viral infection at

day 18 (Table 1), while reverse transcriptase analysis revealed the presence of high titers

of HIV in the supernatants of these infected cultures (Table 1). In contrast, CEM cells
transfected with the HIV envelope expression vector were not susceptible to HIV-mediated
cytopathic effects. There was no major difference in susceptibility to direct HIV infection
when compared with control CEM cultures or tat-expressing CEM cells (Table 1). However,
after a slight reduction in cell viability at day 7, the cells had fully recovered by day

18, and despite being greater than 95% HIV antigen positive (Table 1), cell viability was
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almost 100%. In addition, the reverse transcriptase activity in envelope-expressing CEM cell
supernatants was almost an order of magnitude lower than that of the CEM control cells

or the tat-expressing CEM cells (Table 1). Thus it appeared that expression of the HIV
envelope and concomitant reduction in CD4 receptor expression in the envelope-expressing
CEM cell line had conferred a cytolysis-resistant phenotype. Upon infection with HIV, a
persistent infection characterized by a sustained release of viral particles was obtained in
envelope-expressing CEM cells, rather than a lytic infection as observed in the control CEM
cells or the CEM cells expressing the HIV tat gene. Virus harvested from the persistently
infected envelope-expressing CEM cell line was fully cytopathic when passaged onto fresh
CEM cells. Thus, the presence of the HIV envelope gene in CEM cells had not attenuated
the infecting virus, and the resistant phenotype of the envelope-expressing CEM cell was a
direct consequence of the host cell phenotype rather than reduced cytotoxic properties of the
infecting virus.

HIV Envelope Restricts Second Round Infection

To determine the effects of HIV envelope expression on the relative level of HIV infection,
CEM cells carrying the pDOL CMV-env vector and control CEM cells were infected with
HIV as outlined in Table 1. At designated time intervals, aliquots of 5 x 10° cells were
withdrawn for analysis of unintegrated viral DNA (Hirt extracts) by Southern blotting and
expression of viral antigens by immunofluorescence. By day 3 postinfection, unintegrated
linear viral DNA of approximately 9.5 kb was evident in uncut Hirt extracts from both
infected CEM and CEM-env cell lines (Figure 7). At this time, approximately 35% of the
cells in each line were positive for viral antigens. By day 6, postinfection viral antigen
positivity was almost 90%, and this was reflected by a dramatic increase in the level of
unintegrated linear viral DNA in CEM cells (Figure 7) and to a much lesser extent in the
presence of circular unintegrated viral DNA of approximately 5.5 kb (Figure 7). The level of
unintegrated viral DNA in control CEM cells was increased further by day 9 postinfection,
indicating that reinfection was occurring at this time since by day 6 postinfection cells
were already 90% virus antigen positive. In comparison, the accumulation of unintegrated
viral DNA in CEM cells expressing the HIV envelope gene was significantly lower than

in infected CEM cells. The amount of unintegrated viral DNA was approximately 5-fold
less than in control CEM cells by day 6 (Figure 7). In addition, the amount of unintegrated
viral DNA was not significantly increased by day 9 postinfection (Figure 7). Levels of
unintegrated viral DNA in CEM-env cells at 21 days compared with those at 9 days
postinfection. By 44 days postinfection, the amount of unintegrated viral DNA had dropped
to extremely low levels, while an abundance of integrated viral DNA was evident in Xbal
digests of genomic DNA from CEM env cells at this time (Figure 7).

Phorbol Ester Induces Virus-Mediated Cytolysis in Persistently Infected CD4 Cells

We next determined whether cytolytic effects could be induced in persistently infected

CEM cells following stimulation of virus replication. The tumor-promoting agent phorbol
12-myristate 13-acetate (TPA) has the ability to greatly enhance HIV replication and
cytopathic effects (Harada et al., 1986), and operates at the level of transcription by acting
on a 10 bp functional enhancer element within the HIV LTR (Kaufman et al., 1987).
Persistently infected CEM cells, established following infection of HIV envelope-expressing
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cells, were washed and resuspended in medium containing 1 ng/ml TPA at 3-5 x 10° cells
per ml. This concentration was used since higher doses of TPA were toxic for both infected
and uninfected CEM cells. After 24 hr, cells were washed and cultured in fresh medium.
Reverse transcriptase assay of culture supernatants demonstrated a 4-fold increase in virus
production 24 hr after addition of TPA when compared with untreated cultures (Table 2).
This was directly reflected by an almost 4-fold increase in viral RNA as determined by dot
blot hybridization of total cellular RNA (Figure 8). Seventy-two hours following the addition
of TPA, a dramatic cytopathic effect was observed in approximately 50% of the cells, and
by 96 hr, the majority of cells in the culture had completely succumbed to cytolysis (Table
2). The dramatic cytopathic effect was independent of syncytium and no multinucleated
giant cells were observable in these cultures. This was not unexpected since the persistently
infected cells lacked membrane expression of the CD4 receptor: an absolute prerequisite

for syncytium formation. Thus, the induced cytopathicity was a consequence of single cell
killing, where death of individual cells correlated with a rapid release of progeny virus

as determined by electron microscopic visualization of induced cell cultures (Figure 9).
Furthermore, the induction of viral cytopathic effects appeared to be a direct consequence of
stimulated virus replication and not an indirect effect of TPA. To investigate this, persistently
infected cells were treated with TPA in the presence of a-amanitin. a-amanitin is a specific
inhibitor of nuclear RNA polymerase 1l (Lindell et al., 1970) upon which the promoter
elements of retroviruses are dependent. The presence of 1 or 5 Bg/ml a-amanitin in the
culture medium inhibited TPA-mediated stimulation of viral replication as determined by
dot blot quantitation of viral RNA (Figure 8) and reverse transcriptase activity in culture
supernatant (Table 2). More importantly, the presence of the a-amanitin (1 pg/ml) also
completely inhibited onset of cytopathic effects (Table 2). This indicates that TPA-induced
virus replication and concomitant cell lysis were a direct consequence of high level virus
replication and not due to secondary effects on membrane stability by TPA.

Discussion

The results described here demonstrate that expression of the HIV envelope gene in
cytolysis-sensitive CD4 positive cell lines confers a cytolysis-resistant phenotype to the host
cell, such that a persistent virus infection, as opposed to rapid cytolysis, ensues following
infection with HIV. The results also show that the reduced CD4 receptor expression
characteristic of AIDS virus—infected CD4" cell lines is directly attributable to an alteration
by the HIV envelope in the processing and localization of the CD4 glycoprotein at the cell
surface. Thus, the observed loss of CD4 receptor expression is an indirect effect of viral
infection and replication. In the results described here, we were able to observe a 60%
reduction in surface T4 receptor expression without any significant reduction in the amounts
of CD4 receptor mRNA. The work by Hoxie et al. (1985) indicated an effect of HIV
infection on steady-state levels of CD4 receptor mRNA and postulated that reduced CD4
receptor gene expression was a major mechanism for the loss in CD4 receptor expression
following HIV infection. However, we have demonstrated that the reduction in surface CD4
expression is a rapid phenomenon and is not accompanied by a similar rapid reduction in
CD4 RNA expression (Stevenson et al., 1987) and, as such, posttranscriptional interference
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of CD4 receptor localization appears to be the major mechanism of CD4 modulation in HIV
infected cell lines.

Expression of the HIV envelope in CD4 positive cell lines, in addition to modulating surface
CD4 receptor expression, greatly modifies the host cell’s response to viral cytopathic effects
following HIV infection. It is most probable that the acquisition of a cytolysis-resistant
phenotype is a direct consequence of the reduced CD4 receptor expression in the envelope-
expressing host cell. A correlation does exist between the absolute level of CD4 receptor
expression and the host cell’s sensitivity to viral cytopathic effects, such that cell lines
expressing high levels of this receptor (for example, HTLV | and HTLV Il transformed T
cell lines, and Sup T-1 cells) are exquisitely sensitive to the cytolytic effects of HIV, while
cells expressing relatively low CD4 receptor levels (CR-10, H9, Jurkat) are more resistant
to cytolysis. Our results provide direct evidence for this hypothesis in that an envelope-
mediated CD4 receptor reduction is followed by a resistance to HIV-induced cytopathicity.
The level of reduction in CD4 expression was modest in our CEM/envelope cell line (60%);
this reduction was, however, sufficient to modify greatly the host cell phenotype.

A direct consequence of this envelope-mediated CD4 depletion appears to be a restriction
on the kinetics of HIV infection and reinfection. Following infection of susceptible cells by
HIV, high levels of unintegrated viral DNA accumulate within the cell. In control CEM cells
that were already fully virus antigen positive, additional increases in the relative amounts

of unintegrated viral DNA were evident, thus demonstrating that reinfection was taking
place in this cell system. In comparison, the accumulation of unintegrated viral DNA was
greatly reduced in CEM cells expressing the envelope glycoprotein, and since viral antigen
positivity was not affected, this indicates a restriction imposed upon viral reinfection.

The absence of unintegrated viral DNA in persistently infected CEM cells (44 days
postinfection, Figure 7) further demonstrates that reinfection does not occur in a full
persistent infection. This is not unexpected since these persistently infected cells do not
have available CD4 receptors for HIV infection due to envelope-mediated interference on
CD4 expression. The susceptibility to reinfection or superinfection and the accumulation of
unintegrated viral DNA has been correlated with the cytopathic effects of avian leukosis
virus subgroups (Weller et al., 1980). It is not clear if accumulation of unintegrated viral
DNA accounts for the cytopathic effects of HIV infection, although in the system described
here a restriction on both reinfection and accumulation of viral DNA led to a noncytopathic
persistent infection.

The process of envelope-mediated interference and induction of persistence provides a
precedent for the cooperation of other factors that can contribute to viral persistence in
AIDS. The ability of the product of the F (3" orf) gene to reduce CD4 expression has been
demonstrated (Guy et al., 1987). It is plausible that the combined effects of the envelope
and F gene products serve to augment the down modulation in CD4. CD4 modulation

is not a property restricted to HIV gene products, but is displayed by gangliosides (a
ubiquitous component of vertebrate cell membranes; Offner et al., 1987) and lymphocyte
chemoattractant factor, LCF (W. Cruickshank, personal communication). The contribution
of these agents to viral interference and the initiation of persistence remains to be
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established, although such a contribution would be of central importance in understanding
the pathophysiology of latent HIV infections.

The underlying mechanism for the ability of cells expressing reduced CD4 receptors to resist
viral cytopathic effects is a matter for discussion. However, we propose that HIV-mediated
cytopathic effects are a direct consequence of virus replication and are not dependent

upon syncytium formation (Lifson et al., 1986; Sodroski et al., 1986b). An abundance

of CD4 receptors during the initial stages of viral infection provide the conditions for
reinfection of the host cell by newly released progeny virus, thus initiating superinfection.
The kinetics of the initial infection appear to be the important factor in determining whether
a lytic or persistent type infection will be initiated. Thus, following initial infection, if

CD4 receptor expression were sufficiently reduced due to envelope/CD4 complex formation,
then the paucity of CD4 receptors on the cell surface would restrict second round infection
with progeny virus. Noteworthy is that in our cell line, which was stably expressing HIV
envelope, we did not observe a widespread formation of syncytia. One possible explanation
is that the complex formation between envelope and CD4 receptor not only limits the
localization of the CD4 receptor on the cell surface, but limits the localization of the HIV
envelope on the cell membrane, and this must be achieved if the envelope is to be exposed
on the cell surface and made available for binding to neighboring CD4 positive cells. Thus
it is possible that a similar situation is initiated in the persistently infected host cell. In
persistently infected lymphocytes in vivo, a very low level of HIV replication would be
reflected by a concomitantly low level of envelope production. In this instance, complex
formation would serve to reduce the intracellular pool of free envelope glycoprotein, thus
limiting the amount of envelope available for the formation of syncytia. Taken together,

the data demonstrate that the envelope gene of HIV is of central importance not only in
mediating viral infection, but in determining the outcome of HIV infection, i.e., a lytic
versus persistent viral replication.

The phenomenon highlighted here is not unique to HIV. The masking of host receptors

by newly synthesized envelope glycoproteins appears to be displayed by other retroviruses,
including the human T lymphotropic virus Types | and 11, avian leukosis virus, and bovine
leukemia virus (Weiss, 1984; Weiss et al., 1985; Dorner and Coffin, 1986; Vogt and Ishizaki,
1965, 1966). This masking process of host receptors by viral envelope glycoproteins is
collectively termed interference and leads to the establishment of superinfection resistance
(Weller et al., 1980). We demonstrate here that the induction of superinfection resistance by
the HIV envelope gene is accompanied by a reduced sensitivity to HIV-mediated cytolytic
effects. Thus this phenomenon has important implications for both the pathogenesis of and
treatment strategies for AIDS. Superinfection resistance and the initiation of a persistent
infection may be the underlying basis for viral persistence in vivo following initial exposure
to HIV. The AIDS complex is characterized by a long incubation period, whereby HIV is
harbored in a minimally replicative state in CD4 lymphocytes. The mechanism by which
high level virus replication is initiated in persistently infected cells during the course of
AIDS remains to be established. However, such a stimulus of the T cell may be provided by
some change in the immunological status of the infected individual (Nabel and Baltimore,
1987; Zagury et al., 1986) or by the removal of a block on viral transactivation, thus

leading to renewed high level viral replication and subsequent cell death. Our results
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provide evidence for this hypothesis. A cytopathic response ensues following initiation

of a high level virus replication in persistently infected cells, despite the absence of CD4
and syncytium formation. This suggests that cytopathicity may be due to a cytotoxic viral
gene product that manifests its effects only when expressed at very high levels. An ideal
candidate for this toxic product would be the envelope glycoprotein. A high concentration
of envelope molecules on the cell membrane may destabilize membrane structure in a
syncytium independent fashion. Experiments are in progress to evaluate this possibility
directly.

The CD4 receptor itself has received considerable attention since strategies for approaches
to AIDS therapy may involve the design of agents that interfere with viral binding to

the CD4 epitope (Lasky et al., 1987; Sattentau et al., 1986; Kowalski et al., 1987) or
modulation of the expression of the CD4 receptor itself. In view of the data presented

here, the phenomenon of interference must be taken into consideration. Interference with
viral infection provides the conditions for the initiation of a persistent infection such that
persistently infected host cells provide a slow release reservoir for the continued generation
of HIV in the infected individual.

Experimental Procedures

Construction of Retrovirus Envelope Expression Vector

Cell Culture

Standard recombinant techniques were used to construct the vector described. The retrovirus
vector used (pDOL or pLJ; Korman et al., 1987) is an MLV-based packaging defective
retrovirus which has had 5" and 3" splice donor/acceptor sequences removed. To ensure
efficient expression of HIV envelope in human lymphoid cells, the CMV immediate early
promoter (Boshart et al., 1985) was used as the promoter for expression of HIV sequences.
The CMV promoter was excised as an 855 bp Stul-Hindlll fragment from plasmid pBC12
CMV IL2 (Cullen, 1986). After conversion of Stul and Hindlll sites to BamHI using
synthetic linkers (New England Biolabs), the CMV promoter was inserted into the BamHlI
site of pDOL lying immediately 3" of the viral packaging sequences (). HIV envelope
coding sequences were derived from an almost full-length proviral clone (ANIG-F; Volsky
etal., 1986) as a 3.1 kb Sall-Xhol fragment, and inserted into the Sall site of pDOL
immediately 3" of the CMV promoter. The 3.1 kb Sall-Xhol fragment of N1G-F also
contains the viral regulatory genes tat (Sodroski et al., 1985b), and art/trs (Sodroski et al.,
19864a; Feinberg et al., 1986). Initial attempts to express envelope in the absence of tat and
art/trs genes resulted in very low envelope production, thus necessitating their inclusion

in the envelope expression vector. The pDOL tat vector (data not shown) was derived by
subcloning a 2700 bp EcoRI-BamHI fragment of N1G-F into the BamHI site of pDOL after
conversion of the EcoRl site to BamHI. In this vector, the viral 5" LTR is utilized as the
promoter element for expression of tat sequences.

and Retrovirus Packaging and Infection

CEM cells (human leukemic CD4" cell line) and PA317 cells (Amphotropic retrovirus
packaging cell line; Miller and Buttimore, 1986) were maintained at 37°C in an atmosphere
of 5% CO, in RPMI 1640 and DMEM (GIBCO, Grand Island, NY), respectively,
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supplemented with 10% fetal bovine serum, 7 mM L-glutamine, 2 mM HEPES (N-2-
hydroyethyl piperazine-N’-2-ethanesulfonic acid), penicillin (100 pg/ml), and streptomycin
(100 pg/ml). For packaging of retrovirus vectors, 1-2 x 108 PA317 cells were plated onto

a 60 mm culture flask 1 day prior to transfection with 10 pg vector DNA using calcium
phosphate coprecipitation. Two days after transfection, medium in the flasks was removed
and replaced with 5 ml RPMI 1640 containing 2 x 108 CEM cells and 8 pg/ml polybrene.
After a 12 hr cocultivation, CEM cells were washed off the PA317 monolayer and cultured
in RPMI 1640 containing 1 mg/ml G418 (GIBCO; approximately 50% active). Residual
PA317 cells harvested with the CEM cells were allowed to adhere to the flask, allowing the
removal of CEM cells to fresh flasks. G418 selection continued for 4 weeks before analysis
of selected cell phenotype.

RNA/DNA Isolation and Analysis

Preparation of Cellular DNA and RNA—Total cellular RNA was prepared by the
CsCl-guanidine thiocyanate procedure (Chirgwin et al., 1979). Cellular RNA, which pelleted
through the CsCI cushion, was washed twice with 200 pl of absolute alcohol at room
temperature, suspended in 400 pl of diethyl pyrocarbonate-treated H,O, and precipitated
with 2 volumes of absolute ethanol at —20°C in the presence of 0.3 M sodium acetate

(pH 5.2). Cellular DNA remaining at the CsCl/guanidium thiocyanate interface was diluted
with 2 volumes of Tris-EDTA, extracted once with an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1, vol/vol/vol) and once with an equal volume of chloroform-isoamyl
alcohol (24:1, vol/vol), and precipitated with 5 volumes of 80% alcohol at —20°C.

Preparation of Unintegrated Viral DNA—Unintegrated HIVV DNA was isolated by the
method of Hirt (1967) with modifications of Chinsky and Soeiro (1981). Briefly, aliquots of
5 x 10% cells were lysed at 65°C in 0.6% SDS, and Hirt supernatants were extracted twice
with phenol, once with chloroform, precipitated with ethanol, and analyzed by Southern
blotting.

Northern and Southern Blot Analysis—RNA (10 pg per tube) was denatured in 50%
formamide, 6% formaldehyde, 20 mM MOPS (morpholine-propanesulfonic acid, pH 7.0),
5 mM sodium acetate, 1 mM EDTA for 15 min at 55°C, chilled on ice, and fractionated
by electrophoresis in 1% agarose gels containing 6% formaldehyde, 20 mM MOPS (pH
7.0), 5 mM sodium acetate, and 1 mM EDTA for 16 hr at 45 V. The gels were treated in
0.05 N NaOH-0.6 M NaCl for 20 min, followed by soaking in 0.5 M Tris-HCI (pH 7.5),
0.6 M NacCl for 45 min. RNA was transferred to Nytran nylon membranes (Schleicher and
Schuell, Keene, NH) in 20x SSC (1% SSC is 0.015 M sodium citrate plus 0.15 M NaCl).
For Northern (RNA) blot hybridizations, RNA blots were prehybridized for 4 hr at 42°C
in a solution containing 5x SSC, 50% formamide, 3x Denhardt’s reagent, 0.25% SDS,
and 100 pg of denatured salmon sperm DNA per ml. Hybridization continued for 24 hr in
hybridization cocktail (as above) supplemented with 1 x 10° to 2 x 10% cpm of 32P-labeled
DNA probe per ml (specific activity, 2 x 108 to 5 x 108 cpm/ug). Hybridized filters were
washed with brisk agitation in three changes of 0.2x SSC, 0.1% SDS at 55°C to 60°C.
The washed filters were blotted dry, wrapped in Saran Wrap cling film, and subjected to
autoradiography with Kodak X-Omat intensifying screens at —80°C.
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Restriction endonuclease-digested DNA (10 pg) was electrophoresed in 0.8% Tris-borate
(pH 8.0) agarose gels and transferred to Nytran nylon filters by the procedure of Southern.
Filters were prehybridized and hybridized at 42°C in a solution containing 5x SSC, 50%
formamide, 1% SDS, 3x Denhardt’s solution, 100 ug of denatured salmon sperm DNA
per ml, and 5 mM EDTA (pH 8.0). Blots were washed as described for Northern blots.
Bacteriophage ADNA digested with Hindlll (New England Biolabs, Beverly, MA) and end
labeled with DNA polymerase | large fragment was used as size markers.

RNA Slot Blots

Cesium chloride fractionated RNA samples were denatured as detailed for Northern
analysis, and a dilution series prepared in 10x SSC. Samples were blotted on nitrocellulose
membranes using a slot blot template (Schleicher and Schuell, Keene, NH). The filters were
baked and hybridized as outlined for Northern blotting.

Immunofluorescence Staining

Infected cells were washed in PBS, spotted on glass slides, dried, and fixed in acetone
at —20°C for 15 min. The fixed cells were reacted with HIV-positive serum from an
asymptomatic HIV seropositive hemophiliac (antibody titer 1:5160). After a 30 min
incubation at 37°C, cells were reacted with fluorescein isothiocyanate-conjugated goat
anti-human immunoglobulin G, and virus antigen-positive cells were counted under an
epifluorescence microscope (American Optical, Buffalo, NY).

Cell Surface Marker Analysis

Cell samples (5 x 10° total) were washed with PBS and incubated at 4°C for 30 min in

the presence of unlabeled monoclonal T cell markers OKT4A, OKT4 (Ortho), or Leu 1
(Becton-Dickinson) followed by fluorescein-conjugated second antibody. Cell fluorescence
was examined with an Ortho model 50H cytofluorograph.

Immunoprecipitation

Cell lines were washed twice with PBS and labeled for 6 hr in RPMI medium (1-2

x 108 cells per ml) containing 5% dialyzed calf serum and 50 to 100 pCi each of
L-[3°S]methionine and cysteine per ml (1000 uCi/mmol; New England Nuclear, Boston,
MA). At the end of the labeling period, cells were washed with PBS containing 0.2 mM
phenylmethylsulfonyl fluoride at 4°C. Cell pellets (107 cells) were incubated in 1 ml of
immunoprecipitation buffer for 30 min at 4°C and centrifuged at 3,000 p g for 20 min

to remove nuclei. Immunoprecipitation buffer contained 0.02 M Tris, 0.12 M NaCl (pH
8.0), with 0.2 mM phenylmethylsulfonyl fluoride, 5 ug of aprotinin per ml, 0.2 mM EGTA,
0.2 mM sodium fluoride, 0.2% sodium deoxycholate, and 0.5% (vol/vol) Nonidet P-40.
Cell lysates were preabsorbed with protein A-Sepharose beads (Pharmacia, Piscataway,
NJ) overnight at 4°C and then incubated with monoclonal antibody OKT4A-treated beads
with gentle rotation at 4°C for 12 hr. Typically, 100 pg of Sepharose beads were absorbed
with 100 to 200 pl of monoclonal antibodies and conjugated with extract of 107 cells.
Conjugated beads were washed once with immunoprecipitation buffer, once with buffer
containing 0.5 M NaCl, and once in buffer containing 0.1% SDS. Washed beads were
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suspended in 50 I of electrophoresis sample buffer (0.01 M Tris, pH 8.0), 2% SDS, 5%
2-mercaptoethanol, 25 pg of bromophenol blue per ml, 10% glycerol. Adsorbed material
was eluted by heating beads at 65°C for 30 min. Electrophoresis was performed in a 15%
polyacrylamide gel with a 3.5% stacking gel. Gels were fixed, dried, and autoradiographed
with Kodak X-Omat intensifying screens. Protein molecular weight markers were myosin
(200,000), phosphorylase b (97,400), bovine serum albumin (68,000), ovalbumin (43,000),
a-chymotrypsin (25,700), B-lactoglobulin (18,400), and lysozyme (14,300) (Bethesda
Research Laboratories, Gaithersburg, MD).

Virus Propagation and Virus Infections

The LAV-N1T strain of HIV (Casareale et al., 1987) was maintained and purified as detailed
previously (Stevenson et al., 1987). Cells harvested at the exponential growth phase were
infected by addition of virus containing medium (1 x 10% RT U/ml) at a 1:10 dilution (108
cells/per ml). After 24 hr at 37°C, cells were washed and resuspended in fresh medium

at approximately 2 x 10° cells per ml. At designated time intervals, culture samples were
removed to determine cell count, viability (trypan blue exclusion), HIV antigen expression
(immunofluorescence assay), and reverse transcriptase activity in culture supernatants. The
moi used typically results in HIV antigen expression in 10%—20% of CEM cells 2 days
postinfection.

Solution RNA Hybridizations

Quantitation of HIV RNA in infected cells was performed by a modified ribonuclease
protection assay essentially as described elsewhere (Pellegrino et al., 1987). High specific
activity single-stranded antisense HIVV RNA probes were generated using T7 polymerase
from a Hindlll linearized transcription (0GEM; Promega) plasmid containing the HIV pol
gene. Probe was purified by passage over a 1 ml Sephadex G50-150 column and hybridized
to infected cell lysates in 5 M guanidine thiocyanate under conditions of probe excess.
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Figurel.
Construction of Retroviral Vector Containing HIV Envelope Coding Sequences

The complete HIV envelope gene from HIV clone N1G-F was inserted into the Sall

site of the retrovirus expression vector pDOL, and the cytomegalovirus immediate early
promoter was inserted at the BamHI site. Respective regions of the vector are shown to
scale (sizes in base pairs in brackets). Boxed areas represent promoter/enhancer sequences
and arrows indicate direction of transcription. Symbols: MLV, murine leukemia virus; CMV,
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cytomegalovirus; B, BamHI; Sm, Smal; Sa, Sall; K, Kpnl; X, Xhol; Xb, Xbal; H, HindlIll,
Ps, Pstl; , retroviral packaging sequences; p, Pvull; Bg, Bglll; S, Sacl.
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Figure2.
Southern Blot Analysis of Integrated HIV Envelope Sequences in CEM Cells

CEM cells were infected with retroviral env and tat expression vectors by cocultivation with
DNA transfected amphotrophic packaging cell line PA317 in the presence of polybrene.
Infected cells were selected in G418 and analyzed for envelope sequences. a, CEM

cells infected with pDOL CMV:-env; b, uninfected CEM cells; ¢, CEM cells infected

with pDOL -tat. Genomic DNA was prepared by guanidine thiocyanate lysis, restriction
endonuclease digested, electrophoresed, and transferred to nylon membranes. Blots were
hybridized under high stringency conditions to a 32P-labeled probe prepared by nick
translation of a Sall-Xhol fragment of A-N1G-F. Molecular weight markers are provided
by 32P end-labeled Hindlll digests of ADNA.
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Figure 3.

Expression of HIV Envelope-Specific RNA and Antigen in CEM Cells
(A) Poly (A)* mRNA from guanidine thiocyanate cell lysates was selected by passage

Page 20

over oligo d-T cellulose columns, spotted onto nylon membranes (2, 1, and 0.5 pg) and

hybridized with a p-tubulin probe (Hall et al., 1983) or HIV probe as in Figure 2: a,

uninfected CEM cells; b, CEM cells infected with pDOL CMV -env; ¢, CEM cells infected
with pDOL -tat. Blots were autoradiographed for either 3 hr (B-tubulin probe) or 18 hr (HIV

probe).

(B) Indirect immunofluorescence visualization of HIV envelope in G418 selected cells.

Acetone fixed cells were reacted with HIV-positive serum from an HIV seropositive
hemophiliac (antibody titer, 1:5160). Bound HIV-specific IgG was detected with FITC

conjugated goat anti-human 1gG. Uninfected CEM cells were used as a negative control.

Photomicrographs were taken on Kodak Pan film (20 sec exposure at 400 ASA). Note

syncyti

um in CEM pDOL.-env photomicrograph.
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Figure 4.

Reduced Surface CD4 Expression in Envelope-Expressing CEM Cells

Immunofluorescence flow cytometry analysis of CD4 expression with OKT4 and OKT4A
antibodies. G418 selected cells were incubated with the respective monoclonal antibody
(4°C, 30 min) and analyzed on an Ortho model 50H cytofluorograph. The graph displays
relative fluorescence intensity versus cell number. Horizontal bar indicates channels
analyzed, and mean channel number of cells in this area are indicated on each plot.
Background fluorescence (using FITC conjugated second antibody alone) was less than

7%. Plots are representative results of three separate analyses.
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Figureb.
Envelope-Expressing CEM Cells Display Expected T Cell Receptor Gene Rearrangements

and Have Abundant CD4 mRNA

(A) A, uninfected CEM cells; B, CEM cells infected with pDOL CMV-env; C, CEM cells
infected with pDOL tat. Cellular DNA was blotted and hybridized to a T cell receptor
B-chain probe (Yanagi et al., 1984) or CD4 cDNA (Maddon et al., 1985) as described in
Figure 3A.

(B) Northern blot analysis of relative T4 levels was performed by electrophoresis of total
cellular RNA (10 pg/lane) on 1% agarose gels followed by transfer to nylon membranes.
Blots were hybridized to 32P-labeled CD4 specific cDNA or B-tubulin. Autoradiography
times were 36 hr and 4 hr for CD4 and B-tubulin probes, respectively.
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Figure 6.
CD4/HIV Envelope Complexes in G418 Selected CEM Cells

CEM cells infected with pDOL CMV-env (A and B) or uninfected CEM cells (C

and D) were metabolically labeled with 35S-methionine and 3°S-cysteine for 6 hr and
immunoprecipitated with OKT4A (A and C) or OKT4 (B and D) monoclonal antibodies
as described in Experimental Procedures. Cell lysates were preabsorbed with protein A-
Sepharose beads overnight at 4°C and then incubated with monoclonal antibody-treated
beads with gentle rotation at 4°C for 12 hr. Typically, 100 ug Sepharose was adsorbed with
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200 pl monoclonal antibody and conjugated with extract of 107 cells. Conjugated beads were
washed, and immunoprecipitates eluted in sample buffer at 65°C for 30 min. Electrophoresis
was performed on a 15% polyacrylamide gel with a 3.5% stacking gel. Molecular weights
were provided by prestained protein markers (Bethesda Research Laboratories).

Cell. Author manuscript; available in PMC 2022 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Stevenson et al. Page 25

CEM HIRT CEM.DOL X ENV HIRT
I 1 ] 1
DAYS
POST-INFECTION ! 3 6 9 1 3 6 9 21 44
— - ' —— c— i
5
Figure 7.

Accumulation of Unintegrated Viral DNA in Infected CEM Cells

At the indicated times following infection, unintegrated viral DNA was analyzed in Hirt
extracts from aliquots of 5 x 10° cells. Samples were resolved on 0.8% agarose gels
and hybridized with an HIV probe. All Hirt samples were run undigested, while Xbal
endonuclease digested genomic DNA from persistently infected CEM-env cells 44 days
postinfection is shown for comparison.
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Figure 8.
Effect of TPA on HIV Transcription in Persistently Infected CD4 Cells

Persistently infected CEM cells (expressing pDOL - env CEM) were seeded in 25 cm3
flasks at 5-10 x 10° cells per ml in a total volume of 5 ml. Treatment was initiated by
addition of TPA (in DMSO) to a final concentration of 1 ng/ml and/or a-amanitin (in
methanol) to a final concentration of 1 ug/ml. After 24 hr at 37°C, total cellular RNA was
extracted from the cells by guanidine thiocyanate lysis, and blotted in doubling dilutions
onto nitrocellulose. Blots were hybridized with an HIV probe as indicated in Figure 2, or a
B-actin probe (Gunning et al., 1983) and autoradiographed for 3 hr at —80°C. Hybridization
intensity was determined by scanning densitometry; the induction index is the hybridization
intensity relative to the signal obtained with untreated control cells.
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Figure.
Transmission Electron Micrographs of TPA-Induced Cells Persistently Infected with HIV

pDOL CMV: env (Figure 1) expressing CEM cells persistently infected with HIV before

(A) and after (B and C) a 24 hr incubation with TPA as detailed in Figure 8. Cell

pellets (approximately 5 x 10° cells) were fixed in 400 pl of picric acid-paraformaldehyde-
glutaraldehyde (PPG) postfixed with osmium tetroxide, dehydrated, and embedded in
Avraldite 6005. Thin sections were stained with uranyl acetate and lead citrate, and examined
with a Philips EM 300 electron microscope. Magnifications: 1.5% K (A and B); 15x K (C).
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