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Community-acquired pneumonia affects approximately 4 million
people in the United States, with 40,000 deaths per year. The
incidence is increased about 35-fold in HIV-infected individuals,
and this rate has decreased since the antiretroviral era has begun.
Bacterial pneumonia has decreased from 5 to 20 cases per 100
person-years to less than 1 to 5 cases per 100 person-years in the era
of antiretroviral therapy. HIV-1 infection impairs the function of
neutrophils in the lung and infects CD4" cells and alveolar macro-
phages. Opportunistic infections dramatically increase local HIV
replication in the lung cells, especially alveolar macrophages and
CD4 cells. This enhanced replication increases viral mutations and
provides opportunities for viral escape from latent reservoirs. Mor-
tality is increased with more comorbidities in this highly susceptible
population. Immunization with vaccines is recommended, especially
pneumococcal vaccines, although the vaccine itself may stimulate
viral replication. Recent studies show that the lower respiratory tract
is a microbial reservoir in HIV-infected individuals rather than being
a sterile environment, as originally thought. This may provide new
opportunities for preventing opportunistic infections in HIV-
infected subjects. Bacterial pneumonia presents an ongoing chal-
lenge in these high-risk individuals, particularly in studying the
functions of the innate and acquired immune response.
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Community-acquired pneumonia affects approximately 4 million
people in the United States per year, resulting in more than 10
million physician contacts and more than 1 million hospital
admissions with approximately 40,000 deaths per year (1). The
widespread use of antiretroviral therapy (ART) has changed the
spectrum of pulmonary disease in HIV-infected individuals, with
an increase in noninfectious disease caused by immune reconsti-
tution or facilitated by prolonged survival (i.e., chronic obstruc-
tive lung disease and neoplastic diseases) (2). Despite the
significant advances in treatment, bacterial pneumonia continues
to have a significant impact on the mortality rates of HIV-infected
patients (Figure 1), especially in populations with poor access to
health care services who frequently present with acute AIDS-
related opportunistic infections (3).

The degree of immunosuppression and the abnormalities
seen in pulmonary cells and function contribute to the observed
increased incidence of opportunistic infections (4). However,
a different pattern of pulmonary infectious disease has emerged
with the more readily available use of ART. Although HIV-
infected patients continue to have an increased risk of acquiring
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bacterial pneumonia compared with HIV-noninfected individ-
uals, there is a declining incidence of opportunistic infections,
such as Pneumocystis jiroveci pneumonia (PCP) and tuberculosis
(TB).

The incidence of PCP initially declined after the introduction
of trimethoprim-sulfasoxazole prophylaxis and declined further
with the broad use of ART. In the United States, the incidence of
PCP decreased 3.4% per year during 1992 to 1995 and declined
21.5% per year from 1996 to 1998. Similarly, in Europe, the
incidence declined from 4.9 cases per 100 person-years before the
introduction of ART to 0.3 cases per 100 person-years in 1998
(5). The impact of ART can be demonstrated by the fact that
restoration of immune competence leads to long-term protection
from PCP (6). Therefore, long-term primary and secondary
prophylaxis can be safely discontinued if the CD4" cell count
is greater than 200 per mm? (5, 7). In developing countries, TB
continues to be the most common opportunistic disease and
cause of death in patients with HIV infection. HIV is associated
with significant increased risk of reactivation of latent TB and
progression to active disease in recently acquired infections. In
South Africa, the incidence of TB has grown 3-fold in the last
decade, and 70% of the patients with TB are coinfected with
HIV (8).

Despite the overall reduction in the incidence of pneumonia in
developed countries after the introduction of ART, bacterial
pneumonia continues to be an important comorbidity in HIV-
infected patients (1, 9-11). Before the wide-spread use of ART,
Streptococcus pneumoniae, the most common cause of pneumo-
nia, was associated with a 100-fold increase in the rates of invasive
pneumococcal disease during advanced HIV infection (4). In the
original Pulmonary Complications of HIV Infection Study Group
pre-ART, 1,130 HIV-infected adults were prospectively followed
for 64 months, and 237 episodes of bacterial pneumonia (5.5 per
100 person-years) were observed, compared with six episodes
among HIV-negative participants (0.9 per 100 person-years; P <
0.001). The rate of bacterial pneumonia increased with decreasing
CD4" cells (2.3, 6.8, and 10.8 episodes per 100 person-years in the
strata with more than 500, 200-500, and <200 cells per mm?3,
respectively; P < 0.022 for each comparison). Injection drug users
had a higher rate of bacterial pneumonia than did homosexual or
bisexual men or female partners. In the stratum with the fewest
CD4+ cells, cigarette smoking was associated with an increased
rate of pneumonia. Mortality was four times higher among
participants with an episode of bacterial pneumonia (4). In this
cohort followed over 5 years, upper respiratory infections were
the most common infection, occurring twice as frequently as in
HIV-negative individuals, and acute bronchitis was the most
frequent lower respiratory infection (13.7 vs. 7.4 episodes per 100
person-years; P < 0.0001) (12). In a retrospective review of 39,086
HIV-1-infected patients from the Adult and Adolescent Spectrum
of HIV Disease Project, the incidence of pneumococcal disease
was calculated to be 8.2 episodes per 1,000 person-years, where
81% of them were pneumonia (13). This incidence was indepen-
dently associated with CD4" cell count, history of pneumococcal
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Figure 1. Representative CT scan showing a right upper lobe infiltrate
corresponding to a bacterial pneumonia in an HIV-infected patient.

disease, and AIDS-related opportunistic infections. Further
analysis demonstrated that a decrease in the risk of pneumococcal
disease was associated with antiretroviral treatment. PCP pro-
phylaxis with trimethoprim-sulfamethoxazole was not associated
with a decrease in pneumococcal disease (13). The effect of
antiretroviral treatment was further evaluated by Sullivan and
colleagues, who showed that in HIV-infected subjects with at
least one CD4 ™ cell count of less than 200 cells/mm3, ART was
significantly associated with a reduction in the incidence of
bacterial pneumonia (10). Similarly, Hefferman and colleagues
demonstrated that there was a 57% decline in invasive pneumo-
coccal disease incidence among subjects with AIDS during the
first 5 years after the introduction of ART, based on data obtained
from the Active Bacterial Core Surveillance/Emerging Infections
Program network (14). In a different study, the incidence of
pneumococcal bacteremia had a 2.9-fold decrease after the
institution of ART (11). Other risks factors associated with the
development of pneumococcal bacteremia were CD4* cell count,
alcohol abuse, prior pneumonia, and smoking status. They also
found high rates of antibiotic resistance in pneumococcal blood
isolates (11). Despite this overall reduction in the incidence of
pneumococcal disease with the introduction of ART, the risk
of HIV-infected individuals developing invasive pneumococcal
disease was 35 times higher than the estimated rate among
similarly aged non-HIV-infected adults (1, 14, 15). Bacterial
pneumonia in HIV-infected individuals still presents significant
morbidity.

In a cohort comparing HIV infection in women, the rate of
bacterial pneumonia among 9,885 HIV-infected women was 8.5
cases per 100 person-years, compared with 0.7 cases per 100
person-years in 425 HIV-noninfected women (P < 0.001) (9).
Among women who had used TMP-SMX for 12 months, each
month of ART decreased bacterial pneumonia risk by 8%.
Increments of 50 CD4™ cells per mm? decreased the risk, and
smoking doubled the risk. Overall, bacterial pneumonia in-
creased mortality risk (hazard ratio, 5.02; 95% confidence in-
terval, 2.12-11.87). When protease inhibitors were added to the
ART regimen, bacterial pneumonia at the Johns Hopkins HIV
Clinics dropped from 22.7 episodes per 100 person-years in 1993
to 9.1 episodes per 100 person-years in 1997 (P < 0.05) (10).
Chronic obstructive pulmonary disease and asthma were not risk
factors for community-acquired pneumonia in a public hospital
setting, but prior pneumonia was a risk factor among HIV-
infected patients. The same bacterial organisms causing commu-
nity-acquired pneumonia were found in HIV-infected individuals
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as in those who were HIV negative, with a small increase in
Pseudomonas aeruginosa and mycobacteria. Initial disease se-
verity appeared to be an imperfect predictor of specific microbial
etiologies. Initial empiric antibiotic therapy recommendations were
still optimal against Streptococcus pneumoniae. Hefferman and
colleagues used time—trend analysis of a population-based active
surveillance system from 1995 to 2000 and showed that the
invasive pneumococcal disease incidence in persons with HIV
infection was half that of the pre-ART era but was still 35 times
higher than that in similarly aged, non-HIV-infected adults (14).
Compared with the pre-ART era, HIV-infected patients had
higher comorbidities (42 vs. 26%; P = 0.04), fewer recurrences of
bacteremia (4 vs. 15%; P = 0.04), and a higher 30-day mortality
rate (26 vs. 8%; P = 0.04) (11). Multivariate analysis showed
comorbidity (odds ratio [OR],3.36), alcohol abuse (OR, 5.28) and
current smoking (OR, 5.19) as risks factors, while use of ART and
pneumococcal vaccine were protective factors.

The impact of pneumonia on HIV progression and outcome
should also be considered. The median duration of survival
among 150 individuals after initial bacterial pneumonia was
24 months, compared with 37 months for 299 HIV-infected
control subjects matched by CD4" cells in the Pulmonary
Complications of HIV Cohort Study (16). Similar results were
found in PCP and TB: Whalen and colleagues compared the
survival and incidence rate of opportunistic infections in 106
HIV-infected patients with active TB versus 106 HIV-infected
persons without TB and with a similar level of immunosuppres-
sion (17). Their results showed an increase in the incidence rate of
new AIDS-defining opportunistic infections and a shorter overall
survival rate, suggesting that TB may be a cofactor that acceler-
ates the clinical course of HIV infection (17). The observed
reduction in the long-term survival after bacterial pneumonia
compared with HIV-infected persons without an episode of
bacterial pneumonia may be influenced by different factors,
including increased viral replication and viral burden, increased
inflammation, and changes in immune status. Alternatively,
pneumonia may be a marker of more severe immunosuppression
than what is reflected by analyzing the CD4* count only (16).

The degree of immunosuppression has been associated with
increased risk of pneumonia. The incidence of bacterial pneu-
monia increases as CD4" numbers decline and is consistently
higher in individuals with less than 200 CD4" cells. Furthermore,
in a recent follow-up of the SMART study group, the increased
risk of opportunistic disease correlated with the viral load and was
independent of the CD4* cell count (18). Multiple risk factors
contribute to this increased risk of pneumonia, including in-
travenous drug use, smoking of illicit drugs, and alcoholism.
Tobacco smoking, which is highly prevalent in HIV-infected
populations, is also independently associated with an increased
risk of bacterial pneumonia (19). Different mechanisms have
been described for this association, including a selective increase
in the susceptibility of the alveolar macrophage to HIV infection
and impairment of phagocytic function (20).

LUNG CELLS IN BACTERIAL PNEUMONIA

During bacterial pneumonia, neutrophils migrate out of the
pulmonary capillaries and into the air spaces. After phagocytosis,
neutrophils kill ingested microbes with reactive oxygen species
(e.g., hypochlorite, superoxide, hydrogen peroxide), antimicro-
bial proteins (e.g., bacterial permeability-increasing protein and
lactoferrin), and degradative enzymes (e.g., elastase). Neutrophil
extracellular traps ensnare and Kkill extracellular bacteria with
a chromatin meshwork. As a consequence of the observed
dysfunction of not only CD4* cells but also B lymphocytes,
neutrophils and alveolar macrophages, there is an impairment of
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Figure 2. Quantitative PCR with molecular beacons of nasal brushing,
endobronchial brushing, and bronchoalveolar lavage (BAL). Universal
primers for bacterial 16S rDNA. The location of brushing is shown on
the x axis. The brushes were placed in lysozyme solution and incubated
at 65°C for 30 minutes followed by the addition of sodium dodecyl
sulfate and proteinase K. The BAL was kept on ice and spun at low
speed, followed by separation of fluid from the cell pellet. Aliquots of
BAL fluid (200 pl) were then incubated in sodium dodecyl sulfate and
proteinase K for 12 hours at 65°C. DNA was extracted from 100,000
BAL cells. In all samples, 2.5% of a 200 pl extract were used in the
quantitative PCR reactions.

the bacterial clearance, with an increased risk of pneumonia.
Antimicrobial opsonic and bacteriostatic proteins include com-
plement, natural antibodies, C-reactive protein, and pentraxin 3.
Intracellular signaling pathways triggered by pattern recognition
receptors converge on transcription factors such as NF-kB (Rel A
or p65) to transcribe chemokines and cytokines necessary for the
inflammatory response.

Alveolar macrophages secrete inflammatory cytokines, in-
cluding IL-8, which are chemotactic for neutrophils, and key
inflammatory cytokines, including IL-1B, IL-6, and TNF-a. Sepsis
induces IL-1 receptor—associated kinase in alveolar macro-
phages, which inhibits pattern recognition and cytokine receptors
that activate NF-kB, compromising or toning down host defense.
IL-17 activates lung epithelial cells to express chemokines and
colony-stimulating factors and is essential for neutrophil-mediated
host defense during Klebsiella pneumonia (21).

The host defense against pneumococcal pneumonia depends
largely on alveolar macrophages and opsonization of specific
IgG to pneumococcal capsular polysaccharide and complement,
followed by phagocytic killing. Takahashi and colleagues de-
scribed a decrease in serum opsonic activity against S. pneumoniae,
despite the observed increased levels of type-specific IgG among
HIV-infected patients (22). Furthermore, there was a significant
correlation between HIV loads and peripheral blood CD4*
lymphocyte counts with serum opsonic activity against the type
3 and type 9 strains of S. pneumoniae among asymptomatic HIV-
infected persons. Therefore, they postulated that HIV-infected
individuals who are susceptible to invasive pneumococcal in-
fection may have specific functional abnormalities of type-
specific IgG.

B-cell perturbations include hypergammaglobulinemia, loss
of memory B-cell type, and diminished antibody responses to
vaccination. These B-cell abnormalities are linked with the
inability of HIV-infected individuals to form effective antibody
responses against opportunistic pathogens. Titanji and colleagues
evaluated the effects of HIV infection on the maintenance of
serologic memory and showed a low percentage of memory B
cells that correlated with the CD4* cell count in persons with
chronic HIV (23). Furthermore, there was a depletion of antigen-
specific memory B cells, with a dramatic reduction in antibodies
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to S. pneumoniae that may lead to a decline of serologic immune
response. The increase in CD4* cell counts and the decrease in
viral load achieved by ART did not seem to improve the serologic
memory response.

The infiltration of CD8™ cytotoxic lymphocytes may represent
an immune response to HIV-infected cells and appears to
correlate with high viral load burden within the lung (24). In-
creasing HIV replication during acute infection leads to a general
activation of CD4* and CD8* cells, including HIV-specific CD4+
cells. Activated CD4™ cells are likely to be successfully infected
with HIV; therefore, it is likely that the cells necessary to
orchestrate a robust immune response are targeted for destruc-
tion during acute infection (25). Although CD4* lymphocytes are
the primary targets for HIV, other CD4* cells, such as macro-
phages and dendritic cells, can function as a reservoir or transmit
infection (26-28). We have previously demonstrated that even
after 6 months of ART, a significant amount of integrated
provirus can be identified in cells obtained by bronchoalveolar
lavage (29).

In the case of HIV infection, NF-kB binds to the HIV long
terminal repeat (LTR), which contains two tandem repeat NF-«B
binding sites just upstream of the transcription start site. LPS
enhances HIV expression in chronically infected monocyte/
macrophages by activating NF-kB. The HIV-1 LTR also has
binding elements for the C/EBP gene (also called NF-IL6, LAP/
LIP, and NF-M). This gene has no introns, but two different
proteins are produced from the same mRNA (30). The stimula-
tory isoform is approximately 30 to 37 kD (LAP for liver
activation protein), whereas the small isoform, approximately
16 to 20 kD (described in rat liver and also called LIP for liver-
induced inhibitory protein), functions as an inhibitory transcrip-
tion factor. The inhibitory 16-kD C/EBP isoform is a dominant
negative transcription factor, inhibiting transcription if present at
20% the level of the stimulatory isoform (31, 32). This dominant
negative regulator is repressed during TB, leading to high levels
of HIV-1 replication in the radiographically involved lung
segments (33). Bacterial pneumonia presents with neutrophil-
predominant inflammation. Hoshino and colleagues have shown,
in a model of TB pneumonia, that contact between PMNs and
macrophages leads to loss of inhibitory 16-kD C/EBP, enhance-
ment of HIV-1 LTR transcription and increased HIV-1 replication
(34). He and his colleagues have also shown that lymphocytes, in
contact with alveolar macrophages, reduce inhibitory C/EBP,
activate NF-kB, and enhance HIV replication. Using a 0.4-mm
insert to separate lymphocytes from macrophages in vitro and
allowing soluble factors to pass through, they showed that contact
(down-regulation of inhibitory ~16 kD C/EBPB) and soluble
factors activate NF-kB and are necessary for maximal HIV-1 5’
LTR transcription (35).

LUNG MICROBIOME IN HIV

In studying bacterial-HIV interaction, we found evidence that
HIV-infected individuals with no respiratory symptoms and
normal chest radiographs had bacterial rDNA in their lungs.
Fiberoptic bronchoscopy on patients with HIV infection was
performed, and the lung microbiome was analyzed with 16S
rRNA sequences to evaluate patterns of prokaryotic diversity.
The range of bacterial colonization of the lower respiratory tract
varied in different locations (Figure 2). The patient with the
highest bacterial burden was an HIV-infected cigarette smoker,
and cigarette smoke impairs mucociliary clearance. Smokers are
at greater risk for bacterial pneumonia and for progression from
LTBI to active TB (36). We calculated an rDNA concentration of
up to 700 bacteria per ml of alveolar lining fluid. The sequence
analysis of three HIV-infected patients without lung infiltrates
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resulted in 345,148 reads on 30 samples using three independent
primer pairs (8,217 * 2,026 sequences per sample) (Figure 3). The
heat map of bacterial families found in the lung based on
taxonomic classification of sequences using the RDP classifier
demonstrated a complex community of bacteria colonizing the
lung of these patients. Enterobacteriaceae predominated, al-
though there were few samples collected. In patients with higher

285

Fusobacteriaceae
Streptococcaceae
Comamonadaceae
Pseudomonadaceae
Actinomycetaceae
Carnobacteriaceae
Staphylococcaceae
Moraxellaceae
Corynebacteriaceae
Incertae_Sedis_XI
Coriobacteriaceae
Rhizobiaceae
Veillenellaceae
Burkhelderiaceae
Flavobacteriaceae
Micrococcaceae
Xanthomonadaceae
Methylobacteriaceae
Propionibacteriaceae
Oxalobacteraceae
Erysipelotrichaceae
Sphingomonadaceae
Pasteurellaceae
Incertae_Sedis_XIIl
Peptostreptococca
Neisseriaceae
Lachnospiraceae
Enterobacteriaceae

Figure 3. Bacterial rDNA sequence analysis and amount
from lung cells and BAL fluid of three patients with HIV
from the longitudinal cohort. All had normal BAL cell
differentials and chest radiographs.

bacterial burden, there was a different distribution, with Staph-
vlococcaceae, Streptococcaceae, Moraxellaceae, and Comamona-
daceae displacing the Enterobacteriaceae. A low mycobacterial
signal was seen in the BAL cell extract of patient 1 but only with
the R1 primer set. From the BAL cell extract of patient 2, 17 high-
quality sequences (average read lengths 403 bp) of the 1,194
rDNA sequences classified to the level of family mapped to
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mycobacteria (although all with high >0.95 confidence), as
shown in the Actimomycetaceae row of the heat map. This
supports the existence of a bacterial reservoir in the lung, with
the possibility of expansion in case further immunosuppression
were to occur.

HIV-infected patients have an improvement in morbidity and
mortality with early initiation of ART, even during an acute
opportunistic infection. This benefit can be detected as early as
6 months after initiation of therapy (37). Furthermore, there is
growing evidence of the benefits of early initiation of ART in
subjects coinfected with TB (38). In a recent study done by Karim
and colleagues, there was a 56% reduction in mortality when
ART was initiated during TB therapy as compared with delaying
it until completion of TB therapy (38). This was further supported
by a metaanalysis involving 6,934 patients at five hospitals in
Madrid that showed a significant 63% improvement in survival
among patients who began antiretroviral therapy while they were
receiving TB therapy (39). ART leads to a decrease in viral load
and an increase in CD4* counts. Nevertheless, the pace at which
central memory CD4" and effector CD4* T cells reconstitute
during ART differs, as shown by Wilkinson and colleagues in
a group of patients who were highly susceptible to developing
active TB (40). Evaluation of phenotypic characterization of
PPD-stimulated lymphocytes showed that CD4™" cells expressing
the costimulatory molecule CD27 and lacking CD45RA
(markers of central memory T cells) expanded by a median of
29%. In contrast, CD4* CCR5* effector cells proportionally
declined during 48 weeks of ART. These findings suggest that
the immune reconstitution achieved by ART is predominantly
driven by the consequent expansion of central memory cells. This
immune reconstitution determines an inflammatory state where
there is a 35-fold increase in PPD-specific, IFN-y—producing T
cells, increased T-cell activation markers, and increased Thl
cytokines (IFN-vy, IL-12, IP-10, and Mig) as well as other
proinflammatory cytokines (TNF-«, IL-1B, IL-6, IL-10, and
MCP-1) (41). This increased production of IFN-y and IL-10
may contribute to the induction of inhibitory C/EBPf in macro-
phages that has been shown to further repress HIV-1 transcrip-
tion (42, 43).

The increased morbidity and mortality of HIV-infected pa-
tients with bacterial pneumonia, associated with altered mucosal
and cellular immunity in the lung, suggest that this disorder may
still take a toll in the era of ART. Because pulmonary infection
induces cellular recruitment and activation in the lung, leading to
enhanced HIV-1 replication, the influence of bacterial pneumonia
on HIV progression should also be considered.
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