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Summary

At the cellular level, cells infected with Human Immunodeficiency Virus type 1
(HIV-1) exhibit immunity to a second infection by the virus that initiated the first
infection or by related viruses (super-infection resistance (SIR). In the case of HIV
infection, SIR was basically attributed to down-regulation of the CD4 receptors. We
have recently reported on an interaction between HIV-1 Rev and integrase (IN)
proteins which results in inhibition of IN activity in-vitro and integration of cDNA in
HIV-1-infected cells. A novel function for the viral Rev protein in controlling
integration of HIV cDNAs was thus proposed. The results of the present work suggest
involvement of the inhibitory Rev in sustaining SIR. A single exposure to wild-type
HIV-1 resulted in 1 to 2 integrations per cell. The number of integrated proviral
cDNA copies remained at this low level even after double infection or super-
infection. SIR was dependent on Rev expression by the strain used for the first
infection and was eliminated by peptides that disrupt intracellular complex formation
between IN and Rev. The same lack of resistance was observed in the absence of Rev,
namely following first infection with a ARev HIV strain. The involvement of Rev,
expressed from either unintegrated or integrated viral cDNA, in promoting SIR was
clearly demonstrated. We conclude that SIR involves Rev-dependent control of HIV

cDNA integration.

Introduction

Various observations have indicated that indeed HIV infection can confer resistance,
at the cellular level, to a second infection. Evidently, such resistance is mediated by
mechanisms other than classical adaptive immune responses (Nethe et al., 2005;
Piantadosi et al., 2007; Yeh et al., 2009). The capacity to prevent a second infection,
at the cellular level, by a virus that is closely related to that which established the first
infection has been termed super-infection resistance (SIR) (Nethe ef al., 2005; van der
Kuyl & Cornelissen, 2007). Although the molecular details of this mechanism have
not yet been completely elucidated, it appears that in most cases it requires the
expression of viral proteins (Nethe et al., 2005; Potash & Volsky, 1998).
Down-regulation of CD4 from membranes of HIV-1 infected cells has been suggested
to play a major role in conferring resistance to a second infection, but this mechanism
is still under dispute (Potash & Volsky, 1998; Saha et al., 1999). To date, the viral

proteins Nef, as well as Vpu and Env, have been suggested to mediate down-
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regulation of CD4 and thus to play an important role in conferring SIR (Wildum et
al., 2006). However, kinetics studies of CD4 down-regulation in infected cells have
raised doubt as to the relevance of this process to SIR (Potash & Volsky, 1998;
Volsky et al., 1996). Furthermore, it appears that CD4 down-regulation increases
virus replication and promotes release of new virions, indicating stimulation of virus
production rather than resistance (Glushakova et al., 2001; Levesque et al., 2003).
Several studies have clearly demonstrated that no direct relations exist between SIR
and CD4 down-regulation (Potash & Volsky, 1998; Saha et al., 1999; Volsky et al.,
1996). Even assuming that down-regulation of CD4 contributes to the development of
SIR, the possibility of additional, CD4-independent mechanisms cannot be excluded
and have, in fact, been suggested (Potash & Volsky, 1998; Wildum et al., 2006).

Similar to Nef, the Rev protein is present in the early phase of infection, expressed
from unintegrated viral cDNA (Iyer et al., 2009; Kelly et al., 2008; Wu, 2004, 2008;
Wu & Marsh, 2003). The late viral Rev encoded by the integrated HIV genome has so
far been implicated mainly in promoting nuclear export of unspliced and single-
spliced transcripts (Pollard & Malim, 1998). We have recently demonstrated that
interaction between the viral Rev and integrase (IN) proteins results in inhibition of
IN activity in-vitro and integration of cDNA in HIV-1 infected cells (Levin ef al.,
2010b; Levin et al., 2009a; Levin et al., 2009b; Rosenbluh et al., 2007). Here, we
provide the first demonstration of a novel function of Rev, namely a major and
important role in conferring SIR, probably via its interaction with viral IN. HIV
infection of cultured cells was quantitatively monitored by estimating integration
levels of viral cDNA. About the same integration levels—1.5-2.0 integrations/cell —
were obtained following single or multiple infections with the wild-type (wt) HIV-1,
indicating the establishment of SIR (see also (Levin et al., 2009a)). However in the
absence of Rev, a significant increase in integration levels, i.e. eradication of

resistance, was observed, proving the involvement of Rev in conferring SIR.

Results

SIR can be promoted by Rev expressed from unintegrated cDNA

Infection with a HIV mutant (IN D64,116N HIV; INm), being unable to promote
genome integration (Nakajima et al., 2001), did not result in any viral DNA
integration (Fig.1a;). However, infection with the wt HIV resulted in a relatively low

degree of integration: 1.0-1.8 integration/cell (Fig.1a; and see (Butler et al., 2001;
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Levin et al., 2009a)). Infection with both viruses leads to the appearance of
unintegrated viral cDNA which promotes the expression of several viral proteins,
among them Rev ((Iyer et al., 2009; Kelly et al., 2008; Wu, 2004, 2008; Wu &
Marsh, 2003) and Fig.1b). Indeed, Rev could clearly be observed at 8h post-infection
(PI) with both viruses, well before integration occurs (Fig.1b and (Iyer et al., 2009;
Levin et al., 2009a)). Rev expressed by the INm cDNA was gradually eradicated and
completely disappeared at 72h PI (Fig.1b) due to the dilapidation of unintegrated
cDNA (Fig.1c). On the other hand, due to integration of the wt viral DNA, the amount
of Rev expressed by the integrated cDNA gradually increased, reaching a maximum
level at 72h PI (Fig.1b). Rev expressed by the unintegrated viral DNA was designated
Rev-early (Rev-ear).

In the experiment described in Figure lay, infection at zero time (1°-INF) was
conducted with the INm HIV-1 (MOI=1) and then at the indicated times, cells were
secondly infected (2“d—INF) with wt or VSV-g coated virus (at MOI=1 or 10)
(Fig.1ap). About 1-1.8 and 0.4-1.0 integration/cell were obtained when the 2".INF
was conducted 2 and 4h after the 1°-INF, respectively. This must be due to the
integration performed by the active viral IN, which was applied by the 2"CINF. In
practice, similar levels of integration were also obtained when the 2".INF with the wt
or VSV-g-coated viruses was conducted from 60h post-1*-INF on. At this time, most
of the 1*-INF INm viral cDNA had already been abolished (Fig.1c) and therefore no
Rev expressed from the unintegrated cDNA of the INm (Rev-ear-INm) is present
(Fig.1b). Due to the absence of the 1®-INF viral cDNA at this time, infection at 60h
and on can be considered identical to a single infection (Fig. 1a; and see (Levin et al.,
2009a; Levin et al., 2009b)). It should be noted that also infection by wt virus is
expected to lead to the appearance of Rev-ear molecules expressed from unintegrated
cDNA.

No integration, i.e. complete resistance to the 2nd—INF, was observed when the 2™-
INF was conducted between 8 and 48h after the 1°-INF (Fig.1ay). This was observed
when the 2"-INF was performed at MOI=10 with either wt or VSV-g-coated viruses
(Fig.1ap). These results confirm previous observations regarding complete resistance
to 2"-INF 24h post I-INF with HIV-1 at MOI=1 (Volsky er al., 1996). The
involvement of Rev-ear in promoting complete resistance to infection by wt or VSV-
g-coated HIV can be inferred from the results depicted in Figure 1d,e. As can be seen

(Fig.1dy) stimulation of integration, namely eradication of resistance to the 2".INF,
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could be achieved by the addition of the IN-derived (INr) peptides which promote
disruption of the Rev-IN interaction (Fig.le and see also (Levin et al., 2009b)). This
indicate that the observed resistance, namely inhibition of integration, was promoted
by the presence of Rev molecules. Stimulation of integration promoted by the INr
peptides (INrs) was also observed following a single infection (Fig.1d;) or even when
the 2"-INF was performed between 4 and 60h after the 1*-INF when SIR was
observed (Fig.1dy). This supports the view that the low level of integration obtained
during these periods is also due to inhibition by Rev (Levin et al., 2010b; Levin et al.,
2009a).

The question of whether a correlation exists between promotion of resistance and
expression of Rev-ear (expressed by the unintegrated cDNA) could also be studied
following the use of ARev HIV for the 2"LINF. The results in Figure 2a show that
even under these conditions-namely, no expression of Rev following the 2"LINF-
complete resistance was obtained when infection was conducted at MOI=1 or 10 of
ARev HIV, but only between 12 and 36h after the 1*-INF (Fig.2ay). This indicates
that at these time periods the Rev expressed following 1*-INF with INm HIV at
MOI=1 is sufficient to neutralize the relatively high amounts of IN molecule
delivered following the 2"*-INF with as much as MOI=10. A low level of integration,
namely less resistance, was obtained when cells were secondly infected by the ARev
VSV-g-coated virus at a MOI=10—rather than with wt virus—whose infection is
CD4-independent (Fig.2a and (Matlin et al., 1982)). This suggests a minor
contribution of CD4 down-regulation to the resistance observed following 2".INF
with wt HIV.

The view that the observed resistance is dependent on the quantitative relations
between the titer of the first and second infected viruses is evident from the results
depicted in Figure 2b: no integration, i.e. complete resistance to the 2"-INF was
observed when it was conducted with a MOI=1 of ARev VSV-g-coated virus while
about 5.0 integration/cell was obtained following infection with of the same virus at a
MOI=20 (Fig.2b). The non linear relationship between the titer of the virus added in
the 2"-INF and the level of integration may be explained by assuming that the
amount of Rev produced following the 1¥-INF is not sufficient to block the IN of the
2"LINF by the ARev HIV-1. However, if the 2"*-INF was carried out with a wt HIV-
1, then the Rev expressed by the 2"-INF limits its own integration to 1-2 events/cell

(Levin et al., 2009a). Thus the Rev of the 1*-INF has less free IN to inhibit which
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result in complete SIR (Fig.1ay) The high levels of integration observed when the 2n
INF with ARev HIV was performed at 2h and between 72 and 288h after the 1*-INF
is obviously due to the complete absence of Rev at these times (see also Fig.3).

The involvement of Rev expressed by the INm virus in conferring resistance is well
confirmed by the results showing eradication of resistance when using the INr
peptides (Levin et al., 2009a; Levin et al., 2009b) (Supplementary-Fig.S1a). These
peptides are expected to promote dissociation of the Rev-IN complexes formed
between the Rev-ear-INm and the IN of both viruses, as was revealed by co-
immunoprecipitation (Supplementary-Fig.S1b and (Levin et al., 2010b; Levin et al.,
2009a)).

Support for the view that Rev expressed from unintegrated cDNA can confer
resistance to 2"-INF was obtained following the infection of LEDGF/p75-knockdown
cells in which integration of wt HIV-1 ¢cDNA hardly occurs (Llano et al., 2006).
Indeed our results (Supplementary-Fig.S2) show promotion of resistance to the P
INF when LEDGF/p75-knockdown cells were infected with the wt virus and secondly
infected with either the wt or ARev virus. However, no resistance was observed when

the 1°-INF was conducted with ARev virus and the 2"*-INF with wt HIV (Fig.4).

In the complete absence of Rev, only partial resistance is exerted due to CD4
down-regulation

It was of interest to determine the level of resistance obtained following double
infection with ARev viruses, i.e. in the complete absence of Rev. As can be seen
(compare results in Fig.3 to Fig.2a) relatively high number of integration/cell was
observed when the 1°-INF and the 2"-INF were conducted with ARev viruses.
Absolutely no resistance was observed following 2"-INF with the ARev VSV-g-
coated virus, again indicating the involvement of Rev in conferring resistance to the
2"VINF (Fig.3). However, a 50% decrease in integration level was obtained from 12h
after the 1°-INF when the 2"-INF was conducted with the wt coated (bearing the wt
env protein) ARev virus. In the absence of Rev, this partial resistance was probably
due to CD4 down-regulation or occupancy of the CD4 receptors which mediate entry

of the wt but not the VSV-g-coated viruses (Matlin et al., 1982).

Promotion of SIR by double infection with wt HIV-1



189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222

Rev plays a major role in conferring SIR, even when the double infection was
conducted with wt HIV. When the 2"-INF was conducted 2h after the 1¥-INF (double
infection), both with the wt HIV, about 1.2-1.7 integration/cell were observed
(Fig.5ar). A slightly lower degree of integration was obtained when the 2"LINF was
performed between 4 and 288h after the 1°-INF (Fig.5an). These integration levels
were practically identical to those observed following a single infection with HIV-1 at
MOIs ranging from 1-10 (Fig.5aj). It was well established that integration of wt HIV
cDNA should be completed between 16 and 20h PI (Levin et al., 2009b; Pannecouque
et al., 2002). Interestingly the level of integration observed from 16 to 288h after the
I°“INF was very close or identical to that observed following a single infection
(compare Fig.5ay to Fig.5a; and Fig.1ay). It can therefore be presumed that the cDNA
from the 2™-INF failed to integrate, indicating complete resistance to the second
infection, at least between 16 and 288h post-1°-INF. Since the levels of integration
observed following the 2"LINF between 4 and 12h post-1°-INF are very close or
identical to those obtained at later times of 2"-INF (Fig.5a). At these periods, the
observed integration is also merely that of the 1*-INF cDNA. Based on the previously
described results (Figs.1-3), it is our assumption that the observed SIR is due to the
presence of Rev-ear and Rev expressed by the integrated cDNA (Rev-late).
Essentially the same results, namely resistance to a 2nd—INF, were obtained when
CD4-deficient cells were super-infected with the VSV-g-coated viruses
(Supplementary-Fig.S3). Thus, these results suggest that the CD4 receptors are not
involved in conferring resistance to the 2".INF. Dissociation of the intracellular Rev-
IN complex by the INr peptides, resulted in significant stimulation of integration and
clearly indicating involvement of Rev in promoting SIR (Supplementary-Fig.S4).
Promotion of resistance was also observed when the 1°-INF was conducted with the
wt virus and the 2"-INF with a ARev virus (super-infection) (Fig.5b). It should be
noted, however, that much higher levels of integration, reaching up to between 25 and
30 integration/cell, were obtained when cells were exposed to the ARev viruses 2h
after the 1°-INF (Fig.5b), as compared to the 1.4 integration/cell obtained under the
same conditions following 2"-INF with the wt HIV-1 strains (Fig.5a). The
involvement of Rev in suppressing the level of integration when the 2"-INF was
performed between 4 and 288h was further confirmed by the addition of INr peptides
(Supplementary-Fig.S5).
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SIR is induced by de-novo synthesized Rev

The possibility that SIR can be exerted by Rev molecules which are delivered by the
invading virus particles and not necessarily by newly synthesized molecules should be
considered. Therefore, the effect of RNA- and protein-synthesis inhibitors on the
appearance of Rev and suppression of integration was studied. As can be seen when
the 1°-INF and 2"-INF were conducted with the INm (to assure expression of only
Rev-ear) and wt HIV, respectively, the addition of cycloheximide and actinomycin D
significantly increased the degree of integration (compare results shown in Fig.6a and
b to Fig.1a) and completely blocked synthesis of Rev (Fig.6c). These results strongly
indicate that the suppression of integration, as an indicator for the promotion of SIR,
observed at an early stage of infection results from the appearance of newly
synthesized Rev molecules. Furthermore, the possibility that the newly synthesized
Rev is encoded by virus-adsorbed cDNA molecules (see (Lori et al., 1992)) is
eliminated by the results showing that AZT caused complete inhibition of the
integration observed early on in infection, namely at 2-4h after the 1°-INF (Fig.6d).
The requirement for an active process of reverse transcription of the viral RNA is thus
established. Obviously, the fact that the observed stimulatory effect of cycloheximide
and actinomycin (Fig.6a,b), as well as the inhibitory effect of AZT (Fig.6d), are
transient is due to their short intracellular half lives (Du & Low, 2001; Jensen et al.,
1998; Johnson, 2001). It is worth noting that the integration levels observed following
a single infection by a wt virus were also significantly stimulated by cycloheximide
and actinomycin (Fig.6e), probably indicating that also in this case, integration is
suppressed by newly synthesized Rev (Iyer et al., 2009; Levin et al., 2009a). It should
be mentioned that the appearance of newly assembled viruses as well as newly
synthesized viral p24 was completely inhibited in the presence of these inhibitors (not

shown).

Involvement of Rev in the regulation of integration events in synchronously
infected cells

Generally, infection involves variation in the kinetics of virus adsorption, a process
which may last for up to 4h (Levin et al., 2009b). Therefore, a single infection can be
considered as a double- or even super-infection process within a relatively short
period of time. This pseudo super-infection process is likely to be avoided by using a

synchronized infection system. It was therefore of interest to study whether Rev is
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also involved in regulation of integration following synchronized infection. A three
fold increase was observed in the integration/cell following synchronized infection
(see Methods) as compared to the integration obtained following a non-synchronized
(regular) single infection (Fig.7a). Interestingly, as was observed following single
(Levin et al., 2009a) or super-infection (Fig.5a), significantly higher integration/cell
were also obtained when synchronized infection was conducted with the ARev virus
(Fig.7b). The observed integration levels were about two fold higher than those
observed following a regular single infection (Fig.7b). As has been observed
previously (Levin et al., 2010b; Levin et al., 2009a), infection by the wt and ARev
viruses resulted in the appearance of the same amount of viral cDNA (Fig.7c).
However, the amount of viral cDNA obtained in synchronized infected cells was
about two fold higher than that observed following non-synchronized infection

(Fig.7c).

Discussion

Resistance of already infected cells to HIV infection has been considered to be mainly
due to down-regulation of the host cell membrane's CD4 receptors (Potash & Volsky,
1998; Saha et al., 1999). Down-regulation of CD4 has been attributed to the
expression of the viral Nef, Vpu and Env proteins (Wildum ez al., 2006). Although the
involvement of the CD4 receptors in conferring resistance is still under debate, there
appears to be general agreement regarding the existence of an additional CD4-
independent mechanism that promotes SIR (Potash & Volsky, 1998; Wildum et al.,
2006). Moreover, the notion that interference with a second infection can be attributed
to the presence of viral and not cellular encoded proteins is generally accepted (Nethe
et al., 2005; Potash & Volsky, 1998). The mechanism which is responsible for SIR in
HIV-1 infected cells is of interest, particularly for the development of novel
approaches to anti-HIV therapy. One of the approaches that could be developed based
on the mechanism of SIR is to imitate the condition that restricts the 2"*-INF in non-
infected cells in order to transform them to resistance for infection.

Here, the involvement of the HIV Rev protein in conferring SIR is suggested. Cells
expressing Rev, from either unintegrated or integrated viral cDNA, are resistant to
virus infection. These results are supported by our previous studies showing that
transfected cells expressing the Rev protein are almost completely immune to

infection by HIV-1 (Levin et al., 2010b; Levin et al., 2009a). Our previous results
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(Levin et al., 2009a; Levin et al., 2009b), as well show that integration of the viral
cDNA into the host chromosomal DNA is regulated by the Rev protein via its
interaction with the viral IN. The fact that formation of Rev-IN complexes confers
inhibition of IN enzymatic activity has been demonstrated under in-vitro as well as in-
vivo conditions (Levin et al., 2009a; Levin et al., 2009b). Disruption of this
complex—which can be achieved by peptides derived from IN that interact with Rev
(the INrs) (Levin et al., 2009a; Levin et al., 2009b)—resulted in reactivation of the
viral IN activity allowing multiple integration of the HIV-1 ¢cDNA (Levin et al.,
2009a).

Thus, the requirement of Rev for promoting SIR in infected cells can be inferred from
two kinds of experiments. First, addition of INr peptides abolished resistance and
resulted in stimulation of viral cDNA integration. Second, no resistance —as reflected
by integration/cell—was observed in the absence of Rev, particularly following
double infection with ARev viruses. The fact that complete resistance can be
promoted by merely the presence of Rev should be inferred from the results obtained
following second infection with the VSV-g-coated virus, whose penetration into cells
is independent of CD4 (Matlin er al., 1982).

Our results may also indicate the contribution of a CD4-dependent mechanism to SIR
especially in the complete absence of Rev. Indeed a 50% reduction in the integration
values was obtained following infection with wt-coated ARev virus when compared to
infection with VSV-g-coated ARev virus. Thus, our observations support previous
indications (Potash & Volsky, 1998; Wildum et al., 2006) of the existence of CD4-
dependent and independent mechanisms conferring SIR. Both mechanisms necessitate
the presence of actively expressed viral genes. The extent of SIR probably is regulated
by two parameters: the degree to which viral encoded proteins (Nef, Vpu, Env and
Rev) are expressed following the 1*“INF, and the MOI of the 2" INF. Indeed, results
in the present work show that the degree of Rev-induced SIR can be decreased by
increasing the MOI of the 2"-INF.

Our results suggest an additional new aspect in the process of Rev-induced resistance.
Almost the same degree of integration, on average 1-2 integration/cell, was observed
following double, super- and single infection by the wt virus at viral titers between
MOI=1 and 10. Similar to the case of double or super-infection, stimulation of virus
integration was also observed, in the absence of Rev or in the presence of INrs,

following a single infection (see also (Levin et al., 2009a; Levin et al., 2009b)). This
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is not necessarily surprising since in a certain respect, the single infection process may
present the same features that characterize double infection. It has been well
established that the same cell can interact with more than one virus particle and that
the course of virus-cell adsorption may extend over a period of about 4 h (Levin et al.,
2009b; Pannecouque et al., 2002). Thus, the possibility of the first round of infection
conferring, on a cellular level and due to de-novo Rev synthesis, immunity to the
second round of infection cannot be excluded. This might explain the stimulation of
integration observed previously (Levin et al., 2009a; Levin et al., 2009b) and in the
present work by the addition of the INrs and in the absence of Rev following a single
infection of cultured cells. If indeed this is the case, then no stimulation of integration
should be observed in the absence of Rev following synchronized infection.
Furthermore, such infection should result in a high level of integration when a wt
virus is added. Indeed, the integration levels observed following synchronized
infection were higher than those obtained following regular (not synchronized) single
infection by the wt virus. However, synchronized infection with a ARev virus, i.e. in
the absence of Rev, resulted in significantly higher integration levels than
synchronized infection by the wt virus. This may indicates that, in addition to the
already established inhibition of HIV IN activity by Rev, an additional —as yet non-
elucidated —effect may be exerted by Rev which restricts the level of integration and
thus infection in HIV-infected cells. It should be noted that the speed with which the
infection occurs after absorption can also differ from one entry event to the other.
Attempts to reveal if indeed such mechanism exists are underway in our laboratory. In
any event, Rev-induced interference of virus infection as reflected by inhibition of

cDNA integration appears to be a more general phenomenon.

Methods

Cells

Monolayer adherent HEK293T cells and HEK293T cells over-expressing Rev
(Rev10* cells) were grown in Dulbecco’s modified Eagle’s medium (DMEM). The T-
lymphocyte cell lines Sup-T1/TL3 and H9 were grown in RPMI 1640 medium. All
cells except the Rev10" and Sup-T1/TL3 cells were provided by the NIH Reagent
Program, Division of AIDS, NIAID, NIH, USA. The Rev10" cells were generated by
transfection of HEK293T cells (Cullen, 1987; Levin et al., 2010a). The cells were
incubated at 37°C in a 5%CO, atmosphere. All media were supplemented with 10%



359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

(v/v) fetal calf serum, 0.3g/l L-glutamine, 100U/ml penicillin and 100U/ml
streptomycin (Biological Industries, Beit Haemek, Israel). Sup-T1/TL3 cells, a
generous gift from Prof. Poeschla (Mayo Foundation, Rochester MN, USA), were

grown as described previously (Llano et al., 2006).

Viruses

Wild-type HIV-1 (HXB2 (Ratner ef al., 1985)) as well as the IN mutant D64N D116N
(Nakajima et al., 2001) were generated by transfection of HEK293T cells (Cullen,
1987) with the virus-containing plasmid or co-transfection with a plasmid containing
VSV-g (Levin et al., 2009b). ARev HIV (Verhoef et al., 1997) was generated by
transfection of Rev10" cells with pLAIY47H2 (Cullen, 1987). Viruses were harvested
and stored as described previously (Levin et al., 2009b). The pLAIY47H2 (Verhoef et
al., 1997) plasmid was a generous gift from Prof. Berkhout (Department of Human
Retrovirology, University of Amsterdam, The Netherlands). The INm D64N D116N-
carrying plasmid was a generous gift from Prof. Engelman (Dana-Farber Cancer

Institute and Division of AIDS, Harvard Medical School, Boston, MA, USA).

Virus stock titration and normalization

Quantitative titration of HIV-1 was carried out using the MAGTI assay, as described by
Kimpton and Emerman (Kimpton & Emerman, 1992). Briefly, TZM-b1 cells were
grown in 96-well plates at 1 x 10* cells per well. the cells were infected with 50ul of
serially diluted virus (wild-type, or ARev HIV-1) as described (Kimpton & Emerman,
1992). Two days post-infection (PI), cultured cells were fixed and B-galactosidase
was estimated exactly as described previously (Kimpton & Emerman, 1992). Blue
cells were counted under a light microscope at 200X magnification. In the case of IN
mutant viruses (D64N D116N) the amount of viral RNA was estimated by real time
reverse transcription PCR as described in (Pizzato er al., 2009). This was also
preformed to the other HIV-1 viruses and was used to normalize the titer of the IN
mutant virus. Virus stocks were concentrated by ultracentrifugation (25,000rpm at 15°
for 105min) using Beckman SW28 rotor (Reiser, 2000) and then virus titer was

determined as described above.

Peptide synthesis, labeling and purification
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Peptides were synthesized on an Applied Biosystems (ABI) 433 A peptide synthesizer.
For cellular-uptake studies, the peptides were labeled with fluorescein at their N
terminus (Hayouka et al., 2007). Peptides were also labeled with Trp at their N
terminus for UV spectroscopy. Peptide purification was performed on a Gilson HPLC
using a reverse-phase C8 semi-preparative column (ACE, Advanced Chromatography
Technologies, USA) with a gradient of 5-60% acetonitrile in water. Peptide
concentrations were determined using a UV spectrophotometer (Shimadzu Kyoto,

kyoto, Japan) as described previously (Kohler et al., 1989).

Infection of cultured lymphocytes with HIV-1

Cultured lymphocytes (1 x 10°) were centrifuged for 5min at 500g and after removal
of the supernatant, the cells were resuspended in 0.2-0.5ml of RPMI 1640 medium
containing virus at different MOIs. Following absorption for 2h at 37°C, the cells
were washed to remove unbound virus and then incubated at the same temperature for
up to 12 days (Rosenbluh et al., 2007). In the case of 2“d-INF, cells were infected with
the indicated viruses at different MOIs at the indicated times after the first infection.
For synchronized infection, virus adsorption was carried out for 2h at 4°C then cells
were washed as described above and further incubated at 37°C as described

previously (Kopetzki et al., 2008).

Quantitative analysis of the copy numbers of HIV-1 DNA integrated into the
host cellular genome

Cells (samples of 200ul) were removed 24h post 2".INF, washed three times with
PBS, and the integration levels of the viral cDNA were estimated exactly as described
previously (Rosenbluh et al., 2007). Briefly, Integrated HIV-1 sequences were
amplified by two PCR replication steps using the HIV-1 LTR-specific primer (LTR-
TAG-F 5’-ATGCCACGTAAGCGAAACTCTGGCTAACTAGGGAACCCACTG-
3’) and Alu-targeting primers (first-Alu-F 5’-AGCCTCCCGAGTAGCTGGGA-3’
and first-Alu-R 5’-TTACAGGCATGAGCCACCG-3’) (Yamamoto et al., 2006).
During the second-round PCR, the first-round PCR product could be specifically
amplified by using the tag-specific primer (tag-F 5-
ATGCCACGTAAGCGAAACTC-3’) and the LTR primer (LTR-R 5’-
AGGCAAGCTTTATTGAGGCTTAAG-3’) designed by PrimerExpress (Applied
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Biosystems) using default settings. The standard linear curve was in the range of Sng

to 0.25fg (R = 0.99). DNA samples were assayed with quadruplets of each sample.

Quantitative analysis of the copy numbers of total HIV-1 DNA

Total viral DNA was estimated using SYBR green real-time quantitative PCR 12h PI,
exactly as described in (Casabianca et al., 2007). Briefly, DNA samples (1pg of
DNA) were added to 95ul containing IxHot-Rescue Real Time PCR Kit-SG
(Diatheva s.r.1, Fano, Italy), and 100nM of each PBS (primer-binding site) primer: F5
(5" primer, 5-TAGCAGTGGCGCCCGA-3) and RS (3" primer, 5’-
TCTCTCTCCTTCTAGCCTCCGC -3’). All amplification reactions were carried out
using an ABI Prism 7700 Sequence Detection System (Applied Biosystems): One
cycle at 95°C for 10min, followed by 45 cycles of 15s at 95°C and 35s at 68°C. In

each PCR run, three replicates were performed.

Estimation of inhibitor effects on SIR
Inhibitors were added 1h before the 1*-INF. The final concentration of each inhibitor

was: 2uM AZT, 5ug/ml actinomycin D and 50pug/ml cycloheximide.

Western blot analysis

Cells were infected with the indicated viruses at a MOI=10 and harvested at different
times PI, washed three times with PBS and lysed by the addition of PBS containing
1% (v/v) Triton X-100. The lysate was subjected to SDS-PAGE (Using E-PAGE™
48 8% High-Throughput Pre-Cast Gel System (Invitrogen)) and immunoblotted with
either monoclonal anti-Rev antibody (a-Rev) (Kramer-Hammerle et al., 2005) or anti-
actin (a-Actin) antibody (Santa Cruz) and complement HRP-conjugated antibodies

(Jackson) as second antibodies.

Study of in-vivo protein-protein interactions using the co-immunoprecipitation
methodology

Co-immunoprecipitation experiments were conducted as described previously
(Iordanskiy et al., 2004) with several modifications. Briefly, cells were secondarily
infected with a MOI=10 and 12h post-1°-INF, and lysed as described above. The
lysate was incubated for 1h at 4°C with o-IN antiserum raised against amino acids

276-288 (a-IN) (NIH AIDS Research & Reference Reagent Program, catalog number
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758) or a-Actin antibodies. Following 3h incubation with protein G-agarose beads
(Santa Cruz) at 4°C, the samples were washed three times with PBS containing 1%
(v/v) Nonidet P40. SDS buffer was added and following SDS-PAGE (Using E-
PAGE™ 48 8% High-Throughput Pre-Cast Gel System (Invitrogen)), the appropriate
membranes were immunoblotted with o-Rev, o-IN or o-Actin antibodies, and
complement HRP-conjugated antibodies as second antibodies.

When peptides were used, cells were incubated with 150uM of the indicated peptide

for 2h prior to infection.

All the experiments described in the present work have been repeated at least three

times and the difference between the results never exceeded £10%.
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Figures legends
Figure 1: Rev expressed from unintegrated DNA can promote SIR

(a) Integration events per cell were estimated from cells which were (I) single
infected or (II) 1°-INF with INm HIV-1 at a MOI=1 and then 2"-INF with the
indicated wt viruses at the specified MOIs (1 or 10) and at the indicated times post-
I°“INF. In rectangle a magnification of the marked section. (b) (I) Western blot
analysis of lysate obtained from cells infected with INm and wt HIV-1 (at different
times PI) was used to detect Rev or actin (as control). (II) Bands were quantitatively
estimated by Image Gauge V3.0 software from Fujifilm. (¢) Quantitative analysis of
viral cDNA at different times PI by wt and INm HIV-1 (MOI=1). (d) Same as (a) but
with the addition of 150uM INr peptides 2h before the (I) single infection or (II) 2.
INF. (e) Co-immunoprecipitation and western blot analyses were performed on
samples withdrawn from the systems described in (a)iy and (d)u. All experimental

details are as described in Methods.

Figure 2: Dependence of SIR on the quantitative relationship between MOIs of
1%-INF and 2""-INF

(a) Integration events per cell were estimated from cells which were (I) single-
infected with the indicated HIV-1 or (I) 1*-INF with INm HIV-1 (MOI=1) and then
2"_INF with the indicated ARev virus (MOI=1 or 10). In rectangle a magnification of
the marked section. (b) MOI titration of ARev HIV-1 at 20h post-1¥-INF with INm
HIV-1.

Figure 3: SIR is observed in the absence of Rev in cells infected by the wt but not
VSV-g-coated viruses.

Integration events per cell were estimated following (I) single infection with the
indicated HIV-1s or (I) 1*-INF with ARev HIV-1 (MOI=1) and 2"-INF with the
indicated ARev viruses (MOIs=1 or 10) at different time post-1°*-INF.

Figure 4: No SIR is observed in the absence of Rev.

Integration events per cell were estimated following (I) single infection with the
indicated viruses or (II) 1*-INF with a ARev HIV-1 at a MOI=1 and then a 2"-INF
with the indicated wt viruses at MOIs=1 or 10, at different times post—lSt—INF. All

other experimental details are as described in Methods.
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Figure 5: Integration levels following double or super-infection.

(a) Integration events per cell were estimated following (I) single infection with the
indicated HIV-1s or (I) 1*-INF with a wt HIV-1 (MOI=1) and then 2""-INF with the
same wt HIV-1 (MOIs=1 or 10) at different time post-1*-INF. (b) Same as A but the

2"_INF was with ARev HIV-1. In rectangle a magnification of the marked section.

Figure 6: Inhibition of de-novo synthesis of Rev in virus-infected cells abolishes
SIR.

(a) Integration events per cell were estimated following treatment with cycloheximide
as described in Methods and then treated cells were 1°-INF with INm HIV-1
(MOI=1) and 2"_INF with the indicated wt viruses (MOIs=1 or 10). (b) Same as in
(a) but cells were treated with actinomycin D. (¢) Western blot analysis of INm HIV-
infected cells incubated with the indicated inhibitors. (d) Same as in (a) but in the
presence of AZT. (e) Effects of treatment with cycloheximide or with actinomycin D
on integration levels following a single infection with wt HIV-1. All experimental

details are as described in Methods.

Figure 7: Integration and viral cDNA levels following synchronized and non-
synchronized infection.

(a) Integration events per cell were estimated following synchronized and normal
single infection with wt HIV-1. (b) Same as in (a) but with ARev HIV-1. (c¢) Total

viral DNA estimation for the experiments presented in (a) and (b).
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