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Abstract
Follicular dendritic cells (FDCs) increase HIV replication and virus production in lymphocytes by
increasing the activation of NF-κB in infected cells. Because alpha-1-antitrypsin (AAT) decreases
HIV replication in PBMCs and monocytic cells and decreases NF-κB activity, we postulated that
AAT might also block FDC-mediated HIV replication. Primary CD4+ T cells were infected with
HIV and cultured with FDCs or their supernatant with or without AAT, and ensuing viral RNA
and p24 production were monitored. NF-κB activation in the infected cells was also assessed.
Virus production was increased in the presence of FDC supernatant but the addition of AAT at
concentrations above 0.5 mg/ml inhibited virus replication. AAT blocked the nuclear translocation
of NF-κB p50/p65 despite an unexpected elevation in associated phosphorylated and ubiquitinated
IκBα (Ub-IκBα). In the presence of AAT, degradation of cytoplasmic IκBα was dramatically
inhibited compared to control cultures. AAT did not inhibit the proteasome; however, it altered the
pattern of ubiquitination of IκBα. AAT decreased IκBα polyubiquitination linked through
ubiquitin lysine residue 48 (K48) and increased ubiquitination linked through lysine residue 63
(K63). Moreover, K63 linked Ub-IκBα degradation was substantially slower than K48 linked Ub-
IκBα in the presence of AAT, correlating altered ubiquitination with a prolonged IκBα half-life.
Because AAT is naturally occurring and is available clinically, examination of its use as an
inhibitory agent in HIV-infected subjects may be informative and lead to the development of
similar agents that inhibit HIV replication using a novel mechanism.

Introduction
HIV reservoirs pose major obstacles in the treatment and control of viral infection. The
follicular dendritic cell (FDC) reservoir contains HIV that is genetically diverse, replication-
competent, long-lived and contains viral quasispecies, including drug-resistant variants that
are not found elsewhere in the body (1). Recently we found that FDC signaling contributes
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to increased HIV transcription and virus production in infected primary CD4+ T cells (2).
This increased viral replication is mediated by FDC-produced TNFα, which in turn,
increases the nuclear translocation of NF-κB in infected T cells. NF-κB is a prime activator
of HIV transcription (3, 4) and immunohistochemical examination of secondary lymphoid
tissues demonstrates the presence of TNFα in a reticular pattern consistent with FDC
secretion of this cytokine. Furthermore, germinal center (GC) CD4+ T cells, that are
adjacent to FDCs, show increased expression of activated NF-κB, and when infected in
vitro, these cells produce more virus than other CD4+ T cells from the same tissue (2).
Collectively these data suggest that FDCs and other GC cells establish a microenvironment
that is highly conducive to HIV transmission and virus production.

A number of endogenous inhibitors of HIV replication have been described (5–7). Several
recent reports focused on the major endogenous serine proteinase inhibitor, alpha-1-
antitrypsin (AAT) (8–12). AAT has a half-life of about 4 d in the circulation and is present
in the serum of healthy individuals at a concentration of 1.5 to 3.5 mg/ml, although this
concentration can rapidly increase (i.e. 4-fold or more) during inflammation (13, 14). AAT
is a glycoprotein consisting of 394 amino acid residues and is primarily produced in the
liver. AAT is reported to inhibit HIV infection and replication in susceptible cells in vitro (8,
9). A genetic defect can result in AAT deficiency, and in one case report, pre-existing AAT
deficiency was associated with accelerated HIV progression (10). While it has been shown
that AAT suppresses NF-κB activation, the detailed molecular mechanism remains unknown
(9).

The HIV long terminal repeat contains 2 consensus-binding sites for NF-κB, and activation
of this transcription factor enhances HIV replication (3, 4). Because FDCs induce NF-κB
activation in infected primary CD4+ T cells leading to increased virus replication (2), we
hypothesized that AAT might interfere with this FDC-mediated effect. We report here that
AAT blocks FDC-mediated HIV replication and suppresses NF-κB activation.
Mechanistically, AAT inhibition appears to be mediated by blockade of IκBα degradation
resulting from altered polyubiquitination linkages to this NF-κB inhibitor. These results
demonstrate a unique mechanism of HIV inhibition.

Material and Methods
Alpha-1-antrypsin (AAT)

Clinical grade AAT (Aralast, Baxter Healthcare Corporation, Westlake Village, CA)
purified from pooled human plasma from healthy donors was reconstituted as instructed by
the manufacturer. The stock AAT concentration was approximately 20 mg/ml.

Virus preparations
HIV-1IIIB was propagated in neoplastic H9 cells and the virus from acute infection was
harvested during the peak of p24 and/or reverse transcriptase (RT) production. The virus
was pooled, passed through a 0.45 μm membrane, and stored in aliquots in liquid nitrogen
until used. Our HIVIIIB preparations typically contained 1 μg/ml of p24 and 1×106 cpm/ml
RT activity. Where noted, the primary HIV-1 isolates 91US054 (X4) or 92US714 (R5) were
used after propagation in primary, PHA (5 μg/ml, Sigma) activated, IL-2 (20 U/ml, NIH
AIDS Reference and Reagent Program) maintained PBMCs and harvested as described
above. Primary HIV virus preparations contained 140 to 200 nanogram p24/ml and 300,000
to 450,000 cpm/ml RT activity.
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HIV-1 infection and culture of neoplastic and primary CD4+ T cells
Primary CD4+ T lymphocytes were obtained from healthy, normal blood donors at BYU.
Whole blood was collected aseptically and the PBMCs were isolated by density gradient
separation using Ficoll-Paque Plus (GE Healthcare). After washing the PBMCs to remove
any remaining Ficoll, the T cells were highly enriched via negative selection using a CD4+ T
cell isolation Kit II (Miltenyi Biotech) as directed. The isolated CD4+ T cells were activated
with PHA (5 μg/ml; Sigma) for 3 d in RPMI-1640 complete tissue culture medium (CM)
containing HEPES (20 mM), nonessential amino acids (1x), L-glutamine (2 mM), 10% heat-
inactivated, defined FBS (GIBCO/Invitrogen) and gentamicin (50 μg/ml; Life
Technologies), washed to remove the mitogen and cultured overnight in IL-2 (20 U/ml; NIH
AIDS Reference and Reagent Program). The neoplastic T cell lines Hut78, Jurkat and
SupT1 cells were maintained in CM. Both neoplastic and primary CD4+ T cells were
infected using a cell-free stock virus preparation that contained 50,000 cpm of reverse
transcriptase activity per 1×106 cells. In brief, the cells were washed to remove the tissue
culture medium and resuspended in the virus preparation for 2 h at 37°C after which the
cells were washed to remove the unbound infecting inoculum. The infected cells were then
resuspended in CM that contained IL-2 (20 U/ml) and 20% v/v FBS and cultured in the
absence or presence of AAT (5 mg/ml unless otherwise stated) or PBS for the time indicated
in each figure legend.

FDC and FDC- supernatant collection
FDCs were isolated from human tonsils as previously described (15, 16). Briefly, the tonsils
were cut into small pieces and digested with an enzyme cocktail containing Blendzyme
(Roche Applied Science) and DNase I (Sigma). The released cells were washed twice in
RPMI 1640 and then resuspended in CM (5 ml). Goat IgG (Chrompure, Jackson
ImmunoResearch) was then added and the cells were incubated for 1 h on ice to minimize
non-specific binding of Ig to FcRs. Afterwards, the cells were labeled with mouse IgM, anti-
human FDC mAb, HJ2 (kindly provided by Dr. M. Nahm, University of Alabama at
Birmingham) and incubated overnight on ice. The labeled cells were then applied to a
Percoll (GE Healthcare) gradient, centrifuged and the low-density cell fraction (1.050 –
1.060 g/ml) containing FDCs was collected, washed with RPMI 1640 and resuspended in
CM. Then, the cells were labeled with a secondary, FITC-conjugated goat anti-mouse IgM
(Jackson ImmunoResearch) Ab and following incubation and washing, the FDCs were
obtained by FACS (BD FACS-Vantage Se equipped with the DiVa option). The resultant
cells were ≥ 95% FDCs as assessed by flow cytometry. FDC-supernatant was obtained by
culturing the isolated FDCs in CM for 6 d, centrifuging the cells and collecting the
supernatant fluid, which was then stored at −80°C until used.

HIV RNA and p24 quantitation
Culture supernatant was obtained at the end of the stated incubation periods and used for
both viral RNA and p24 quantitation. Viral RNA was isolated using the QIAamp viral RNA
mini Kit (250) (Qiagen, Valencia, CA) as directed. The isolated viral RNA was reverse-
transcribed into cDNA using random primers and SuperScript III RT (Invitrogen) according
to the manufacturer’s instructions. Q-RT-PCR using TaqMan Universal PCR Master Mix
(Applied Biosystems) used the following primers and probe: forward primer: 5’-
TGGGTACCAGCACACAAAGG-3’, (nt 3696 in HXB2); reverse primer: 5’-
ATCACTAGCCATTGCTCTCCAAT-3’, (nt 3850 in HXB2); probe:
ATTGGAGGAAATGAAC-MBG (FAM labeled) at 900 nM (primers) and 250 nM (probe).
Q-PCR conditions were as follows: 50°C × 2’ (1 cycle), 95°C × 10’ (1 cycle); followed by
60 cycles of: 95°C × 15’’, 60°C × 1’ in an ABI 7500 thermocycler. A standard curve was
prepared using known concentrations (i.e. copy numbers) of ACH-2 DNA to determine the
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number of copies of viral RNA present in the cultures. HIV p24 concentration was measured
using an ELISA kit (ZeptoMetrix Corporation, Franklin, MA) as directed.

Cell protein extraction
Cells (107 cells/sample) were collected from the cultures and washed three times with ice
cold PBS. Following the last wash, the residual cell pellet was suspended in 150 μl buffer A
[Tris-HCl (10 mM, pH7.9), MgCl2 (1.5 mM), KCl (10 mM), DTT (2 mM), 0.1% Triton
X-100, 2.5 mM NaH2PO4, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF and 10% v/v protease
inhibitor cocktail (Roche, USA)]. After gentle inversion, the mixture was incubated on ice
for 15 min followed by centrifugation at 4°C (5 min at 250 X g) The supernatant was
discarded and an additional 100 μl buffer A was added to the cell pellet and resuspended by
drawing the mixture into a syringe having a 30-gauge needle and expelling the suspension a
total of 5 times. The mixture was then centrifuged at 4°C (20 min at 8,000 X g) and the
supernatant containing the cytoplasmic proteins was collected. To extract the nuclear
protein, the remaining cell pellet was resuspended in 80 μl buffer B (20 mM Tris-HCl,
pH7.9, 1.5 mM MgCl2, 420 mM KCl, 0.2 mM EDTA, 2 mM DTT, 1 % Igepal CA-630,
25% v/v glycerol, 2.5 mM NaH2PO4, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF and 10% v/
v protease inhibitor cocktail) and the nuclei were disrupted using a syringe as described
above. The resulting mixture was agitated gently at 4°C for 50 min and centrifuged for 5
min at 16,000 X g after which the supernatant containing the enriched nuclear proteins was
collected. The nuclear and cytoplasmic proteins were stored at −80°C until used.

Total cellular proteins were also isolated from the cultured cells (107 cells/sample) after
washing three times with ice cold PBS. The cells were solubilized using 150 μl RIPA buffer
(50 mM Tris-HCl pH 8.3), 0.01% SDS, 250 mM NaCl, 0.15% Triton X-100, 0.5% w/v
sodium deoxycholate, 1% v/v Igepal CA-630, 1 mM β-mercaptoethanol, 1 mM Na3VO4 , 1
mM NaF, 1 mM PMSF, 4 mM EDTA and 10% v/v protease inhibitor cocktail) and vortexed
for 60 sec. The mixture was then incubated on ice for 45 min and homogenized in a syringe
with a 30-gauge needle. After homogenization, the mixture was centrifuged at 4°C at 14,000
X g for 10 min after which the supernatant was collected and stored −80°C until used.

Immunoblotting
Whole cell, nuclear or cytoplasmic proteins were mixed with 4X loading buffer (250mM
Tris-HCl, pH8.8, 4% SDS, 4% v/v ß-mercaptoethanol, 40 % v/v glycerol, 0.01% w/v
bromophenol blue) and incubated at room temperature for 20 min. After incubation, the
mixture was then heated for an additional 5 min at 100°C. The proteins were separated by
12% SDS-PAGE and transferred to Hybond-C or Hybond-P membranes (Amershan Life
Science). After blocking in TBS with 5% non-fat milk for 2 h at room temperature, the
membrane was incubated with the primary Ab [rabbit anti-human p50 (Chemicon
international), rabbit anti-human p65 (Chemicon international), rabbit anti-human I Ba
(Chemicon international), rabbit anti-human phosphorylated I Ba (Upstate), rabbit anti-
human GAPDH (Abcam), mouse anti-human CD120a (TNFR1, Beckman Coulter), rabbit
anti-human beta actin (Upstate), rabbit anti-human ubiquitin (Pierce), goat anti-human AAT
(Bethyl) or rabbit anti-human proteasome 19S S4 or 20S alpha + beta (Abcam)] in TBS with
5% non-fat milk for 2 h at room temperature. The membranes were washed three times in
TBS containing 0.1% Tween-20 and 5 % (w/v) non-fat milk. After washing, the membranes
were incubated for 2 h at room temperature with an appropriate specificity of HRP-linked
secondary Ab [anti-rabbit IgG-HRP (Chemicon international), anti-goat IgG-HRP
(Chemicon international) or anti-mouse IgG-HRP (Chemicon international)] in TBS with
non-fat milk (5% w/v). The membranes were then washed in TBS with 0.1% v/v Tween-20
and 5% w/v non-fat milk and developed using enhanced chemoluminescence. The
immunoblots were quantified using a phosphorimager in chemoluminescence mode.
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Co-Immunoprecipitation
Whole cell, nuclear or cytoplasmic proteins (1 mg at 1 mg/ml) were first mixed with protein
A/G agarose beads (100 μl) and incubated for 1 h at 4°C. The beads were centrifuged and
discarded to reduce nonspecific protein binding. The remaining supernatant containing the
proteins of interest was incubated for 1 h at 4°C with specific Ab [anti-ubiquitin (Pierce),
anti-p65 (Chemicon international), anti-p50 (Chemicon international), anti-I Ba (Chemicon
international), anti-AAT (Bethyl) or anti-human proteasome 19S S4 or 20S alpha + beta
(both Abcam)], after which Protein A/G beads (100 μl) were added and the mixtures
incubated for 1 h at 4°C. The preparations were then centrifuged and the supernatant
discarded. The beads were then washed three times with lysis buffer and 4X loading buffer
was added. The beads were boiled for 10 min to separate immune complexes from the beads
and the samples were centrifuged for 5 min at 3,000 X g at 4°C. The supernatant was
collected, electrophoresed in 12% SDS-PAGE and the proteins identified by
immunoblotting.

Pulse-Chase Assay for IκBα decay
HIV-infected CD4+ T cells (2 × 106 cells/sample) were treated with or without AAT (5 mg/
ml) for 24 h after which the cells were washed 2 times with 3 ml of methionine-free RPMI
1640 medium supplemented with 10% dialyzed FBS (ΔMet-RPMI). The cells were
resuspended in ΔMet-RPMI and incubated for 1 h at 37°C. The cells were then collected and
suspended in 1 ml of 200 μCi/ml 35S-labeled methionine diluted in ΔMet-RPMI to initiate
synthesis of labeled proteins. The cells were incubated for an additional 10 min and then
washed three times with 3 ml of ΔMet-RPMI containing 4 mM unlabeled methionine and
cultured in 2 ml of the same medium for the indicated times. After incubation, the cells were
collected and washed three times with ice cold PBS and extracted as described earlier. The
resulting mixture was incubated on ice for 45 min and homogenized with a 30-gauge needle
by drawing the mixture up and ejecting 3 times. After homogenization, the mixture was
treated as described above under immunoprecipitation for IκBα and the remaining
radioactivity detected as described above.

Assay of 20S proteasome activity
The activity of the 20S proteasomal subunit was determined in vitro using a 20S proteasome
activity assay kit (Chemicon International) according to the manufacturer’s protocol.
Briefly, cell lysates containing 20S proteasomal subunits were mixed with substrate and
after 2 h incubation at 37°C, the fluorescence was quantified using a fluorometer equipped
with a 380/460nm filter set. The amount of fluorescence was directly proportional to the
amount of 20S proteasomal activity.

AAT Biotinylation
AAT biotinylation was performed using an EZ-link® sulfo-NHS-LC-Biotinylation kit
(Pierce) according to the manufacturer’s protocol. Briefly, Sulfo-NHS-LC-Biotin was added
to AAT and incubated for 2 h on ice after which the excess Sulfo-NHS-LC-Biotin was
separated by size exclusion chromatography. The biotinylated AAT was then eluted from
the column and the level of biotin incorporation determined according to the manufacturer’s
protocol.

Statistical analysis
All data were analyzed using the R statistical computing system. The nlme library was
loaded so that the lme() and gls() functions could be used. These functions allow for
appropriate analysis of data that have multiple sources of variability. Thus, independence of
errors was not assumed and more general covariance structures were estimated. Where
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multiple tests were performed on a single data set, Bonferroni corrections were used to keep
family alpha levels at 0.05. When all treatments were compared in a particular data set,
Tukey corrections were used to keep family alpha levels at 0.05.

Studies using human cells/tissues
Studies using blood or tissue derived cells obtained from humans were reviewed and
approved by an appropriate institutional review committee.

Results
We recently reported that FDCs increase HIV transcription and production in infected CD4+
T cells by producing TNFα that in turn, activates HIV-inducing NF-κB in the infected
lymphocytes (2). Because AAT was reported to decrease HIV replication in infected
monocytic cells and in PBMCs in a manner that decreased NF-κB activation (8, 9), we
postulated that it might also inhibit FDC-mediated HIV transcription and virus production.
CD4+ T cells were therefore infected with HIV in vitro and cocultured with FDC
supernatant. FDC supernatant has been shown to increase HIV transcription by FDC-
produced TNFα (2). AAT was added to these cultures and the resultant virus replication was
monitored using quantitative PCR (Q-PCR) to determine viral RNA and ELISA to detect
p24 production (Figure 1). FDC supernatant alone, as expected, increased viral RNA
produced in infected T cells (panel A) and p24 production (panel B) by over three-fold. In
comparison to untreated T cells, the addition of AAT at concentrations of 0.5 and 5 mg/ml
significantly decreased viral RNA and p24 production in cultures of infected T cells and
FDC supernatant (p<0.05). In cultures of T cells alone, addition of AAT at concentrations of
5 mg/ml reduced viral RNA and p24 production below that of untreated T cells (p<0.05).
Because AAT concentrations of 5 mg/ml occur in subjects with inflammatory processes and
are thus physiologically relevant and the fact that the above dose of AAT clearly suppressed
HIV replication in both T cells cultured with or without FDC supernatant, we selected this
concentration for the remainder of our experiments. We also compared infected T cells
cultured with intact FDCs or with FDC supernatant and found both FDC preparations
equally capable of augmenting HIV production (Supplemental Figure 1). Furthermore, AAT
inhibited virus production under both conditions. In addition to testing the effect of AAT
upon virus replication in primary CD4+ T cells, we examined its effect on HIV-infected
Hut78, SupT1 and Jurkat cells that are frequently used in in vitro studies of HIV infection
and replication and found a similar inhibitory effect (Supplemental Figure 2). We also tested
the effect of AAT on CD4+ T cell virus replication using an R5 (92US714) or X4
(91US054) primary isolate of HIV. AAT inhibited HIV replication of the primary isolates
regardless of the tropism of the virus isolate, and this effect persisted in the presence or
absence of FDC supernatant (data not shown). These results established an inhibitory effect
of AAT on virus replication using both primary and laboratory-adapted HIV isolates.

Because FDCs and their supernatant increase HIV transcription and virus production by
increasing the activation of NF-κB, and AAT has been shown to block NF-κB activation in
HIV-infected promonocytic U1 cells (17), we reasoned that AAT may inhibit FDC-mediated
HIV replication by inhibiting the nuclear translocation of NF-κB induced by FDC-TNFα.
CD4+ T cells infected with HIV were cultured as before with FDC supernatant in the
presence or absence of AAT and immunoblotting was performed on whole cell, cytoplasmic
and nuclear lysates of these cells (Figure 2, panel A). As expected, the infected T cells
cultured with FDC supernatant demonstrated an increased nuclear translocation of NF-κB
p50 and p65 (46% and 82% greater than infected cells without FDC supernatant,
respectively, as assessed by band pixel quantitation) while simultaneously showing a
decreased cytoplasmic concentration of these components (50% and 37% reduction
respectively). In cultures that contained AAT, with or without FDC supernatant, decreased
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nuclear translocation of NF-κB p50 and p65 was observed (54% and 39% reduction for p50
and p65 without FDC supernatant; 68% and 43% reduction with FDC supernatant).
However, at the same time we observed decreased nuclear NF-κB, we also detected
increased amounts of cytoplasmic phosphorylated IκBα when AAT was present. This
surprising finding is more consistent with increased NF-κB activation rather than the
decreased activation levels we observed. To determine whether the phosphorylated IκBα
remained bound to the NF-κB p50/p65 complex in the cytoplasm, the infected CD4+ T cells
were cultured and lysed as before and subjected to immunoprecipitation using an Ab
directed against IκBα (Figure 2B). Immunoblotting detected cytoplasmic NF-κB p50 and
p65 with the immunoprecipitated IκBα indicating that NF-κB and IκBα components were
associated in a complex. We also examined the ability of AAT to affect NFκB activation
with a variety of stimuli that activate NF-κB in addition to FDC supernatant and with or
without HIV infection and (Supplementary Figure 3). While the overall degree of activation
varied somewhat between cells activated with different stimuli, AAT consistently decreased
nuclear p50 and p65 in both the presence and absence of HIV infection.

We next determined whether IκBα was ubiquitinated by culturing cells as before and
subjecting the cell lysates to immunoprecipitation using an ubiquitin-specific Ab (Figure
2C). Immunoblotting revealed the presence of phosphorylated IκBα, and the NF-κB
components p65 and p50 in the ubiquitin-immunoprecipitated complexes. The amounts of
these components obtained from cells incubated without AAT appeared less than those
incubated with AAT (59%, 80%, 72% and 86% reduction for cytoplasmic IκBα, phospho-
IκBα, p50 and p65, respectively in the absence of AAT and 61%, 67%, 76% and 88%
reduction for cytoplasmic IκBα, phospho-IκBα, p65 and p50, respectively in the absence of
AAT but presence of FDC supernatant). These results were consistent with the rapid
degradation of phospho-ubiquitinated-IκBα in the absence of AAT. In cells exposed to FDC
supernatant, the presence of AAT also increased the intensity of the IκBα, p50 and p65
bands. Comparing ubiquitin-immunoprecipitated IκBα, p50 and p65 in the supernatant from
cells exposed to AAT in the presence or absence of FDC supernatant revealed a somewhat
lower abundance of these molecules when FDC supernatant was present. This suggested that
AAT incompletely suppressed FDC-induced TNFα-mediated NF-κB activation.
Furthermore, when the ubiquitin-precipitated complexes were probed for ubiquitin (bottom
panels of Figure 2C), we detected a number of proteins, further indicating that ubiquitination
was ongoing and was not non-specifically blocked by AAT. Collectively these data
suggested that although IκBα was both phosphorylated and ubiquitinated, it did not appear
to be degraded normally. This resulted in IκBα accumulation in the cytoplasm along with
the NF-κB components p50 and p65.

We next focused on whether exogenous AAT was internalized by CD4+ lymphocytes. HIV-
infected CD4+ T cells were cultured for 1 h with biotin-labeled AAT, after which the cells
were harvested and examined for the presence of AAT in the nucleus, cytoplasm and intact
whole cell (Figure 3A). We detected the presence of biotin-labeled AAT in each of these
cellular compartments. To verify the internalization of AAT and determine if it associated
with components of the NF-κB complex, we performed immunoprecipitation using Abs to
AAT or IκBα followed by immunoblotting to detect these components (Figure 3B).
Immunoprecipitation indicated that AAT formed a complex with phospho-IκBα and the p50/
p65 components of NF-κB. Moreover, when IκBα was precipitated, we detected AAT only
when it was exogenously added, indicating that there was no detectable endogenous
intracellular AAT. We explored the possibility that AAT inhibited proteasomal degradation
of IκBα as a mechanism of cytoplasmic retention. As shown in Figure 3B, precipitation of
the 19S and 20S proteasome subunits failed to detect the presence of AAT or components of
the NF-κB complex. When we performed pulse-chase experiments to detect the kinetics of
AAT entry and half-life, we found it could be detected within 30 min of treatment and
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persisted inside the cells for at least 72 h (data not shown). Immunoprecipitation of IκBα
revealed that association with AAT was detected within 3 h and remained in association for
at least 72 h. These data were consistent with the entry of exogenous AAT into the cell and
its association with the NF-κB-IκBα complex leading to interference with IκBα proteasomal
degradation.

Because AAT appeared to inhibit NF-κB activation downstream of phosphorylation and
ubiquitination of IκBα, we determined whether AAT inhibited the enzymatic activity of the
proteasome. Infected CD4+ T cells were again cultured with or without AAT, the cells lysed
and the proteasome complex was immunoprecipitated using Ab specific to the 20S subunits.
The enzymatic activity of the immunoprecipitated 20S subunit was then measured (Figure
4). When we immunoprecipitated the proteasome using Ab specific to the 20S subunits, we
found no significant difference between cultures with or without AAT, even when we added
AAT directly to the immunoprecipitated complex (Figure 4, see far right bars). Thus, AAT
did not inhibit proteasomal activity.

We reasoned that if AAT inhibited the ability of IκBα to be targeted for proteasomal
degradation, it should similarly affect other molecules that are routinely degraded in the
proteasome while having no impact on those that are degraded elsewhere (i.e. lysosome).
We also postulated that the effect of AAT-mediated blockade of IκBα proteasomal
degradation might be replicated by inhibiting the proteasome itself. We tested these
postulates using AAT treated cells with or without FDC supernatant and in the presence or
absence of the proteasome inhibitor MG132. We first examined HIV-infected, AAT treated
CD4+ T cells for the relative abundance of the TNF receptor 1 (TNFR1) that is degraded in
the proteasome and GAPDH that is not (Figure 5A). In the presence of AAT, the
concentration of TNFR1 clearly increased above that present in untreated cells while
GAPDH levels remained unchanged. The presence of FDC supernatant had no discernable
effect upon the intensity of either TNFR1 or GAPDH under the same conditions. When we
examined the relative concentration of TNFR1 and GAPDH in the presence of the
proteasome inhibitor MG132, we found that MG132 replicated the AAT effect, although the
MG132 effect appeared to be more potent than that of AAT at the concentrations we used.

We further reasoned that if AAT inhibited the degradation of IκBα, then its half-life should
be increased. We therefore cultured infected CD4+ T cells with AAT and monitored IκBα
decay in a pulse-chase experiment (Figure 5B). In cells incubated without AAT, in the
presence or absence of FDC supernatant, IκBα was degraded to undetectable levels between
60-90 min. However, in the presence of AAT, IκBα decay was almost completely blocked,
with detectable levels persisting for at least 32 h. Therefore, AAT appears to inhibit NF-κB
activation in HIV infected target cells by interfering with IκBα degradation with resultant
blockade of the nuclear translocation of the p50/p65 NF-κB heterodimer.

Conjugation of polyubiquitin to target proteins occurs via linkage to different lysine
molecules on ubiquitin and the linkages utilized can affect the fates of the targeted proteins
(18-20). When the target protein is conjugated via ubiquitin lysine residue 48 (K48), the
molecule is then targeted for proteasomal degradation, while ubiquitin conjugation via
lysine residue 63 (K63) does not result in degradation of the protein. To determine whether
IκBα polyubiquitination occurred via residue K48 or K63, we immunoprecipitated the IκBα
complex in the presence or absence of AAT and performed immunoblotting using ubiquitin
linkage-specific Abs (Figure 6A). In the presence of AAT, we saw a shift from conjugation
of ubiquitin molecules through residue K48 to linkage with K63 and this intensified between
24 and 72 h of culture. Concomitantly, an increase in phospho-IκBα was observed, as seen
previously. Thus it appears that a mechanism of AAT-mediated inhibition of NF-κB nuclear
translocation is alteration of the linkages used for polyubiquitination of phospho-IκBα,
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which results in decreased degradation of this NF-κB activation inhibitor. We also
immunoprecipitated IκBα in the presence and absence of infection to determine whether
HIV affected AAT-mediated differential polyubiquitination (Supplementary Figure 3B).
Similar band intensities were observed regardless of the presence of HIV and the kinetics of
altered ubiquitination followed the same pattern as seen previously (i.e. in Figure 6A).

To determine if the shift in ubiquitination patterns resulted in the prolonged half-life of IκBα
that we observed previously (Figure 5B), we performed a pulse-chase experiment with a
double immunoprecipitation, first with an IκBα-specific Ab, and then after releasing IκBα
from the beads, a second immunoprecipitation was performed using Abs specific for
ubiquitin linked via residue K48 or K63 (Figure 6B). Consistent with our hypothesis that a
prolonged half-life was associated with increased ubiquitin linkage with K63, IκBα with
ubiquitin conjugated via K48 was not observed after 120 min in the presence of AAT, while
in the same cultures, K63 ubiquitinated IκBα persisted for at least 32 h. Collectively, these
data indicate that AAT prolongs the half-life of the NF-κB inhibitor, IκBα, by interacting
with IκBα and shifting its pattern of ubiquitination from a predominant K48 linkage to a
K63 linkage.

Discussion
FDCs provide a long-term reservoir of infectious HIV that can transmit infection to
surrounding GC cells (1, 16). In addition, FDCs contribute a number of signals that increase
both virus transmission and propagation, including generation of TNFα that increases HIV
replication (2, 21–23). In this study we report the ability of AAT, a naturally occurring
prototypic serine protease inhibitor, to suppress HIV replication including that induced by
FDCs. AAT inhibited the activation of NF-κB with or without FDC supernatant by
prolonging the half-life of IκBα, which in turn remained bound to cytoplasmic NF-κB in the
infected T cells. IκBα preservation in the cytoplasm blocked NF-κB nuclear translocation
and subsequent activation of HIV transcription that occurs by attachment to NF-κB binding
sites in the HIV promoter.

Initially, we were surprised by the observation that AAT decreased nuclear NF-κB while at
the same time increasing levels of cytoplasmic phospho-IκBα. We first reasoned that AAT
might block the subsequent ubiquitination of phospho-IκBα resulting in failure of IκBα to
dissociate from NF-κB thereby suppressing the activation of this transcription factor.
However, in subsequent testing, we found that cytoplasmic phospho-IκBα was
ubiquitinated. We then reasoned that AAT might directly inhibit the proteolytic activity of
the proteasome. However, when intact immunoprecipitated proteasomes were examined, we
found no AAT-induced depression of the 20S proteolytic activity, suggesting that AAT did
not inhibit NF-κB activation by suppressing proteasome function. Furthermore,
immunoprecipitation of both the 19S and 20S proteasomal subunits failed to detect AAT
association with the proteasome. Collectively, these data suggested that AAT inhibited IκBα
degradation following phosphorylation and ubiquitination, but prior to proteasomal
degradation. Therefore, our attention was directed toward transportation of ubiquitin-tagged
IκBα into the proteasome.

It is now understood that different patterns of polyubiquitination on proteins lead to different
outcomes (19, 24). Polyubiquitination occurs via an isopeptide linkage between the carboxy-
terminal glycine residue of a ubiquitin molecule bound to a target protein and one of seven
lysine residues of additional ubiquitin molecules that form a polyubiquitin complex. The two
most prevalent polyubiquitination patterns presently characterized are linkage at lysine
residues K48 or K63. Polyubiquitination through K48 residues targets proteins for
proteasomal degradation while polyubiquitination via K63 residues is associated with
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protein-protein interactions, cell signaling, localization within the cell and functional
regulation of proteins (18, 19). We observed an AAT-induced shift in the pattern of
polyubiquitination of IκBα consisting of a decrease in K48 linkages and a concomitant
increase in polyubiquitination using K63 linkages. These data directly correlated with a
significantly increased half-life of IκBα and the resulting inhibition of NF-κB activation.

The mechanism whereby AAT alters the pattern of IκBα polyubiquitination is unknown.
FDC-produced TNFα leads to NF-κB activation (2), and TNFα induces NF-κB activation by
phosphorylation of IκBα on serine residues 32 and 36. Following phosphorylation, initial
IκBα ubiquitination occurs on residue K19 (24). IκBα is subsequently polyubiquitinated
through the activity of the Skp1, Cullin 1 and F-box protein β transducin repeat containing
protein (βTRCP) SCFIκ B E3 ligase complex. Normally the SCFIκ B E3 ligase complex leads
to ubiquitination using ubiquitin residue K48, which is followed by proteasomal degradation
of the ubiquitinated protein (24, 25). There are a number of possible causes for the observed
change in polyubiquitination of IκBα. When the NF-κB-IκBα complex was precipitated
using Abs specific for IκBα, we found AAT in the complex. AAT binding to IκBα may alter
the way in which the SCFIκ B E3 ligase complex interacts with IκBα. The initially bound
ubiquitin molecule may be conformationally altered in a way that its K63 attacks the
thioester linkage of the incoming E2 enzyme-bound ubiquitin and favors linkage through the
K63 residue. It is also possible that AAT-binding to IκBα influences other components of
the SCFIκ B E3 ligase complex changing its composition or specificity. However, we
detected normal components of the SCFIκ B E3 ligase complex in the presence of AAT,
suggesting that no overt changes in the SCFIκ B E3 ligase components occurred (data not
shown). It is also possible that AAT affects deubiquitinating enzymes, and this may alter
polyubiquitin linkages. Whatever the mechanism for altered linkage of ubiquitin, it is
intriguing that an abundant serum protein has such a dramatic effect on NF-κB activation
and HIV replication. It is possible that the mechanism of AAT modulation of HIV
replication that we describe may occur naturally in infected subjects.

Other studies have examined a relationship between AAT and HIV. AAT inhibited HIV
infection or production in infected cell lines and in primary PBMCs (8, 9). In a case report,
an HIV-infected individual with genetic AAT-deficiency experienced unusually rapid
decline in CD4+ T cell concentrations (10). It has also been demonstrated that the addition
of AAT to cell cultures inhibits the replication of HIV in stimulated U1 monocytic cells and
in infected primary PBMC (9). AAT inhibition of HIV replication in this previous study was
linked to decreased NF-κB activation suggesting that this transcription factor is regulated by
AAT, although the specific mechanism of this regulation was not addressed. In the present
report, we extend these observations to show AAT inhibition of HIV replication in
stimulated, HIV-infected primary CD4+ T cells cultured alone or with FDCs or their
supernatant. We also addressed the mechanism whereby AAT inhibits NF-κB activation and
implicated altered IκBα ubiquitination.

Throughout the natural course of HIV infection, HIV replication persists in secondary
lymphoid tissues surrounding sites where FDCs and CD4+ GC T cells reside in close
proximity (26–29). FDCs trap and retain large quantities of infectious HIV and maintain the
infectious nature of this virus for months and years (1, 16, 21). Moreover, the FDC reservoir
of HIV contains virus having a high level of genetic diversity and archived virus that
includes antiretroviral drug-resistant mutants. FDCs also interact with surrounding GC
CD4+ T cells and increase expression of CXCR4 that increases susceptibility to X4 HIV
variants (15). FDCs produce CXCL13 that attracts GC T cells into the lymphoid follicles
where they can interact with FDC-trapped virus. Furthermore, FDC interactions with CD4+
T cells induces the expression of two regulators of G- protein coupled signaling, RGS13 and
RGS16, that can impede GC T cell migration to CXCL12 signals that may help them exit
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the GCs (30). Finally, FDCs produce TNFα that increases HIV replication (2). Taken
together, these FDC-mediated signals induce a microenvironment that is highly conducive to
transmission, propagation and persistence of HIV. During immune responses, FDCs are
stimulated resulting in the activation of NF-κB (31, 32). It is intriguing to conjecture that
AAT, in addition to decreasing HIV replication, may also have inhibitory effects on FDCs
that could potentially decrease some of their contributions to HIV pathogenesis. The clinical
availability of AAT and its in vitro effect on HIV replication suggest that further studies of
this molecule in the HIV/AIDS setting may be highly informative.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AAT inhibits HIV replication in primary CD4+ T cells cultured alone or with FDC
supernatant. CD4+ T cells were isolated from the peripheral blood and infected with HIV.
The infected cells were cultured for 72 h in the presence or absence of FDC supernatant
(10% v/v) and with or without AAT at the concentrations indicated. The data presented are
representative of 4 independent experiments and are displayed as the mean ± SD. (A) Viral
RNA produced in the cultures. (B) p24 produced in the same cultures.
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Figure 2.
AAT blocks NF-κB activation despite phosphorylation and ubiquitination of IκBα. (A)
Peripheral blood CD4+ T cells were isolated, stimulated and infected following the
procedure in Materials and Methods. After 24 h of incubation with or without FDC
supernatant (10% v/v) and in the presence or absence of AAT (5 mg/ml), the nuclear,
cytoplasmic and whole cell proteins were extracted and subjected to immunoblotting for
NF-κB components p50, p65 and the non- and phosphorylated forms of the NF-κB inhibitor,
I Ba. As expected, β-actin was detected in both the cytoplasmic and the nuclear fractions
from the CD4+ T cells (33–35). (B) Cells treated as in A were subjected to
immunoprecipitation using I Ba-specific Ab and the precipitated complexes probed using
the indicated Abs for IκBα, phosphorylated IκBα, and the NF-κB components p65 and p50.
(C) Cells treated as in A were subjected to immunoprecipitation with ubiquitin-specific Ab
and the isolated complexes subjected to immunoblotting for IκBα, phosphorylated IκBα,
NF-κB p65 and p50 components and ubiquitin as indicated. The data presented in these
panels are representative of 3 independent experiments.
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Figure 3.
AAT enters CD4+ T cells and associates with IκBα and NF-κB components p50 and p65 but
not with the proteasome. CD4+ T cells were treated as in Figure 2. After 24 h of incubation
with or without AAT (5 mg/ml), the nuclear, cytoplasmic and whole cell proteins were
isolated and analyzed. (A) Isolated proteins were subjected to SDS-PAGE followed by
immunoblotting for AAT. A β-actin immunoblot served as a protein loading control. As
expected, β-actin was present in both nuclear and cytoplasmic fractions (33–35). AAT and
AAT* represent purified AAT and biotin-labeled purified AAT, respectively. (B) Isolated
proteins from the cells were immunoprecipitated using Abs specific for I Ba, AAT, or the
19S or 20S proteasomal subunits. The data presented in these panels are representative of 3
independent experiments. The Abs used in immunoprecipitation are indicated at the top of
panel B while those used in immunoblotting are indicated at the left of each blot. IP,
Immunoprecipitation.
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Figure 4.
AAT does not inhibit the 20S enzymatic activity of the proteasome. CD4+ T cells were
obtained and treated as in Figure 2. The cells were then lysed, the A) cytoplasmic or B)
nuclear fraction obtained and the proteasomes immunoprecipitated using Ab directed against
the 20S subunit. The precipitated complexes were washed and tested for 20S proteasomal
activity as indicated in Materials and Methods. The data are presented as box plots where
the thick horizontal lines represent the median, the box extensions (whiskers) represent the
data range and the box itself covers from the 25th to the 75th percentile. The data depicted
are representative of 3 independent experiments. T, lysates of untreated T cells; T+IP,
immunoprecipitation of 20S subunit from lysates of untreated T cells; T+AAT+IP,
immunoprecipitation of 20S subunit from lysates of AAT (5 mg/ml) treated T cells; T+AAT
+IP+AAT, immunoprecipitation of 20S subunit from lysates of AAT (5 mg/ml) treated T
cells with additional AAT (5 mg/ml) added after precipitation. No significant change in 20S
enzymatic activity was observed (cytoplasmic protein, p<0.50; nuclear protein p<0.55).
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Figure 5.
AAT inhibits proteasomal degradation of TNFRI and increases IκBα half-life. (A) CD4+ T
cells were isolated and infected as before and cultured for 24 h in the presence or absence of
FDC supernatant, AAT (5 mg/ml) and the proteasome inhibitor, MG132 (40 μM). After
treatment, the cells were washed, lysed, and subjected to immunoblotting for TNFR1 (a
protein degraded in the proteasome) or GAPDH (a protein degraded in the lysosome). β-
actin was immunostained as a protein loading control. (B) The time-course of I Ba detection
in infected CD4+ T cells was examined with or without FDC supernatant or AAT. Cells
were cultured for 24 h with or without FDC supernatant or AAT (5 mg/ml) and then washed,
pulsed for 10 min with 35S-Met (30 μCi/ml), washed and cultured (“chased”) with complete
medium containing unlabeled Met. Samples were collected over a 2 h period when FDC
supernatant was present or over a 32 h period when AAT (without FDC supernatant) was
added. After culture, IκBα was immunoprecipitated and the resulting complexes were then
analyzed by SDS-PAGE. Radiolabeled IκBα was detected using a phosphorimager. The data
presented are representative of 3 independent experiments.
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Figure 6.
AAT treatment alters polyubiquitination linkages resulting in the prolonged half-life of IκBα
in CD4+ T cells. (A) CD4+ T cells were treated as before and incubated in the presence or
absence of AAT (5 mg/ml) and harvested at the indicated times, lysed and IκBα was
immunoprecipitated and subjected to immunoblotting with Abs specific for
polyubiquitination on either ubiquitin lysine residue K48 or K63. (B) Cells were treated as
in Figure 5 to radiolabel proteins (pulse-chase) and after immunoprecipitation of IκBα at the
indicated times, the agarose A/G beads were boiled and the supernatant collected. The IκBα
complexes were subjected to a second immunoprecipitation using Abs specific for
polyubiquitination linked through ubiquitin residues K48 or K63. The precipitated
complexes were then examined using a phosphorimager to detect the radiolabeled IκBα that
remained over the period of culture. The top two rows of this panel present data from CD4+
T cell cultures with or without FDC supernatant while the remaining rows are from cells
cultured with or without AAT but not FDC supernatant.
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