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Protease Inhibitors Do Not Affect Antibody Responses to
Pneumococcal Vaccination
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HIVⴙ subjects on optimal antiretroviral therapy have persistently impaired antibody responses to pneumococcal vaccination.
We explored the possibility that this effect may be due to HIV protease inhibitors (PIs). We found that in humans and mice, PIs
do not affect antibody production in response to pneumococcal vaccination.

espite available vaccines, Streptococcus pneumoniae remains
the most common cause of bacterial pneumonia worldwide
(1). The bacterium is surrounded by capsular polysaccharides
(PSs), which are major determinants of virulence and immunogenicity (2). The existing vaccines against S. pneumoniae, the 23valent PS vaccine (PPV) and 13-valent PS-conjugated vaccine
(PCV), contain PSs of 23 and 13 serotypes of S. pneumoniae, respectively. Anti-PS antibodies induced by both vaccines provide
serotype-specific protection against invasive pneumococcal disease (IPD) (2–5). PPV contains pure PS, while PCV has PS conjugated to a protein carrier (CRM197), which enhances immunogenicity (2). However, a major public health problem is that both
vaccines have poor efficacy in the adult populations at high risk for
developing IPD, including HIV⫹ patients on antiretroviral therapy (ART) (6–15). Our research group is currently investigating
the possible causes for poor vaccine efficacy in HIV⫹ individuals
on ART.
HIV⫹ subjects have a 35-fold increased burden of IPD compared with age-matched uninfected controls despite ART (15, 16).
Pneumonia remains a leading cause of hospitalization among
HIV⫹ subjects, and S. pneumoniae is the most common identified
bacterial pathogen (16). HIV⫹ patients on optimal ART have reduced antibody responses to both pneumococcal vaccines (17,
18). The reasons for this defect in immune function of HIV⫹
patients who have virologic control are not completely understood. There has been a major emphasis on studying the role of
persistent immune activation due to chronic subclinical viral replication (19), but an unexplored hypothesis is that the defect in B
cells found in HIV⫹ patients represents a side effect of the longterm use of certain antiretrovirals, particularly protease inhibitors
(PIs).
Recent data indicate that PIs can cause immunological side
effects (20–23). PIs constrain HIV replication by binding the HIV
aspartyl-proteases and blocking proteolytic cleavage of HIV protein precursors, including Gag and Pol polyproteins, but they can
also affect human cellular proteases at pharmacological concentrations (20). PIs reduce dendritic cell (DC) production of cytokines important in adaptive immunity (interleukin-12 [IL-12]
and IL-15) and impair DC surface expression of key molecules for
antigen presentation (CD86, CD36, CD1d, and CD209) in vitro
(21). In mice infected with lymphocytic choriomeningitis virus
(LCMV), PIs inhibit tumor necrosis factor alpha (TNF-␣) production and proteasome activity and interfere with major histocompatibility complex (MHC) class I presentation, thereby re-
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ducing cytotoxic T lymphocyte responses (22). PIs may impair
host defense as they increase LCMV viral load after LCMV infection in vivo and promote hepatitis B virus replication (22, 24).
Finally, PIs also inhibit proliferation and induce apoptosis in human B cell lines (23).
There are numerous trials of pneumococcal vaccine efficacy
and immunogenicity in HIV-infected individuals (5, 13, 15, 17,
25). However, no trial has addressed the question of whether different types of antiretroviral therapy (e.g., PIs versus non-PIs)
affect pneumococcal vaccine efficacy. In addition, the effects of PIs
on B cell responses against pneumococcal vaccines are not clear.
We hypothesized that PIs impair antibody responses to pneumococcal vaccines. We focused on antibody responses to PPV since
human samples from a clinical trial were available and this vaccine
is still recommended and widely used in HIV⫹ patients (15, 17).
We determined the effects of the PI ritonavir on quantitative and
qualitative B cell responses to PPV by measuring PPV-specific B
cell frequencies, serum antibody levels, and opsonophagocytic
killing activity (OPA), an in vitro assay that measures the ability of
vaccine-induced antibodies to facilitate opsonization and killing
of S. pneumoniae by human phagocytes (26, 27).
PIs do not impair antibody responses to PPV in mice. As mice
are excellent models of the human immune response to pneumococcal vaccines (1), we used this model to assess whether PIs affect
antibody responses to pneumococcal vaccination in vivo. We focused on ritonavir as it is the most commonly used PI (28). We
administered ritonavir (20 to 30 mg/kg body weight) (Selleckchem) or vehicle (30% polyethylene glycol 400 [PEG 400], 5%
Tween 80, and 5% propylene glycol) by intraperitoneal injections
to 6- to 8-week-old C57BL/6 mice daily for 15 days. On the second
day of ritonavir or vehicle treatment, mice were intraperitoneally
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processed to measure PPV-specific B cells producing IgG (A) or IgM (B) using ELISpot. Data points represent the numbers of animals (13 mice per group). Seven
untreated mice were used as control for ELISpot. In addition, ELISA was performed to measure serum levels of PPV-specific IgG (C) or IgM (D) at baseline and
at day 15 post-PPV vaccination (10 mice per group). The Kruskal-Wallis test (ELISpot), Wilcoxon signed-rank test (ELISA, before PPV versus after PPV) and
Mann-Whitney test (ELISA, vehicle after PPV versus ritonavir after PPV) were performed. Medians are shown. P ⬍ 0.05 was considered significant. Three
independent experiments are shown.

injected with 100 l of PPV (Pfizer) diluted 1:10 in phosphatebuffered saline (PBS). This method, including similar ritonavir
doses and exposure time, has been used previously to show that
ritonavir and other protease inhibitors markedly inhibit the proliferation of B cell lines in vitro (23) and impair cytotoxic T lymphocyte activity and T cell expansion against lymphocytic choriomeningitis virus (LCMV) infection in mice (22, 23, 29, 30). Most
memory B cells that respond against S. pneumoniae are generated
in the spleen (31). To determine if the numbers of PS-specific B
cells were reduced after PI exposure, spleens were processed using
a 40-m-pore-size cell strainer (Falcon) and splenocytes were collected in RPMI medium (Lonza) to perform enzyme-linked immunospot (ELISpot) analysis 15 days after PPV immunization
(32), the critical period for B cell expansion and antibody production (33). B cells were incubated in 96-well plates coated with PPV
overnight at 37°C with 5% CO2. After incubation, B cells were
washed away, and plates were incubated with either biotin–antiIgG (Biolegend) or biotin–anti-IgM (Biolegend) and developed
using streptavidin (BD Biosciences) and 5-bromo-4-chloro-3-indolyl phosphate disodium salt (BCIPD) (Sigma). The frequencies
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of B cells that produced PPV-specific IgG and IgM antibodies were
quantitated manually. Spleens from untreated and unvaccinated
mice were used as the control (n ⫽ 7). There was a significant
increase in the numbers of PPV-specific B cells producing IgG and
IgM antibodies in mice vaccinated with PPV (n ⫽ 13) versus unvaccinated/untreated mice (Fig. 1A and B). However, no significant differences were found in the numbers of B cells producing
PPV-specific antibodies in the groups treated with ritonavir versus those treated with vehicle (13 mice per group) (Fig. 1A and B).
These results indicate that ritonavir does not impair PPV-specific
B cell frequencies postvaccination. We performed the enzymelinked immunosorbent assay (ELISA) (Alpha Diagnostics International) to assess the serum concentrations of PPV-specific IgG
and IgM antibodies in mice treated with ritonavir or vehicle before
and after PPV immunization (10 mice per group). There was a
significant increase in PPV-specific IgG and IgM serum levels 15
days following PPV vaccination, but no differences were found
between mice treated with ritonavir and those treated with vehicle
(Fig. 1C and D). Finally, we evaluated whether ritonavir affected
OPA against S. pneumoniae. We collected mouse sera before and
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FIG 1 PIs do not impair IgG/IgM antibody production against PPV in mice. Splenocytes from mice treated with PI (ritonavir) or vehicle were collected and
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after PPV vaccination and compared OPAs against several vaccine serotypes of S. pneumoniae (4, 6B, 14, and 23F) between
mice treated with ritonavir and those treated with vehicle. We
did not find differences in OPAs between mice treated with
ritonavir and those treated with vehicle (Fig. 2A to D). Although this could have been due to the small number of ani-

mals tested (5 mice per group), the lack of any trend toward a
difference and our human data related to OPA suggest that
testing additional animals would not find differences. Taken
together, our results indicate that the PI ritonavir does not
affect quantitative and qualitative antibody responses to PPV
in mice. All experiments involving mice were performed in

FIG 3 PIs do not affect opsonophagocytic killing activity (OPA) against S. pneumoniae in humans. OPA assays against S. pneumoniae of serotypes 6B and 23F
were performed on human serum samples obtained before and after PPV vaccination. OPA change was calculated using serum obtained 1 month after PPV
divided by serum obtained before PPV vaccination. Eleven subjects were on PI, and 21 subjects were on non-PI antiretrovirals (No PI). Medians are shown. P
values were calculated and adjusted for age, CD4⫹ T cell counts, and viral loads at the time of vaccination, using linear regression analysis. P ⬍ 0.05 was
considered significant.
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FIG 2 PIs do not affect opsonophagocytic killing activity (OPA) against S. pneumoniae in mice. OPA assays against vaccine serotypes of S. pneumoniae (4, 6B,
14, and 23F) were performed on mouse sera obtained at baseline and at day 15 post-PPV vaccination (5 mice per group). Medians are shown. OPA change was
calculated as the OPA measured with serum obtained at day 15 divided by that with serum obtained at baseline. The Mann-Whitney test was performed. P ⬍ 0.05
was considered significant.
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the PS serotypes 1, 3, 4, 6B, and 23F, which are included in pneumococcal vaccines. IgG change was calculated as the serum levels of IgG obtained 1 month after
PPV vaccination divided by IgG levels obtained before vaccination. Eleven subjects were on PI, and 21 subjects were on non-PI antiretrovirals (No PI). The
Mann-Whitney test was performed. Medians are shown. P ⬍ 0.05 was considered significant.

compliance with protocols approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine.
PIs do not decrease OPA and antibody production to PPV in
humans. As PIs may impair human proteases (22) and other enzymatic targets (23) but not murine enzymes, we assessed the
effects of PIs in humans using pre- and postvaccine samples from
a clinical trial in which we evaluated the immunogenicity of PPV
in 36 HIV⫹ subjects on ART and 36 HIV⫹ subjects who were not
on ART (17). All subjects had CD4⫹ counts of ⬎200 cells/l. For
this study, we specifically focused on the 36 HIV⫹ subjects who
were on ART. Of the 36 HIV⫹ subjects on ART, 11 were on PI and
21 were on non-PI-based regimens. Three subjects were not included in this study because they were noncompliant with their
ART. One month after PPV vaccination, the subjects treated with
PIs (n ⫽ 11) did not have reduced OPAs against vaccine serotypes
6B and 23F compared with those treated with regimens not containing PIs (n ⫽ 21) (Fig. 3). The results were adjusted for age,
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CD4⫹ T cell counts, and viral load. There was no difference between PI-treated (n ⫽ 11) and non-PI-treated (n ⫽ 21) subjects in
postvaccine serum IgG or IgM titers against PS contained in PPV
using ELISA (Fig. 4). Five out of 11 (45.5%) subjects from the PI
group and 7 out of 21 (33.3%) from the non-PI group responded
to at least one PS vaccine (P ⫽ 0.7, Fisher’s test). We used the
standard definition of responders: ⱖ2-fold increase in PS-specific
IgG 1 month postvaccination with an absolute concentration of at
least 1 g/ml. Of note, the prevaccine serum concentrations of
PS-specific IgG were similar between the groups. The prevaccine
median serum concentrations of 6B-specific IgG were 1.18 g/ml
(interquartile range [IQR], 0.97 to 1.48) and 1.06 g/ml (IQR,
0.92 to 1.23) in the PI group and non-PI group, respectively (P ⫽
0.16, Mann-Whitney test). The prevaccine median serum concentrations of 23F-specific IgG were 1.07 g/ml (IQR, 0.81 to 1.44)
and 1.06 g/ml (IQR, 0.91 to 2.03) in the PI group and non-PI
group, respectively (P ⫽ 0.95, Mann-Whitney test). Overall, PIs
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FIG 4 PIs do not impair IgG antibody production against PS in humans. ELISA was performed using human sera to detect the presence of IgG antibodies against

De La Rosa et al.

ACKNOWLEDGMENTS
Assistance in data analysis was provided by the Design and Analysis Core
of the Baylor-UT Houston Center for AIDS Research, an NIH funded
program, under no. P30-AI036211.
We declare no conflicts of interest.

FUNDING INFORMATION
This work, including the efforts of Liise-anne Pirofski, was funded by
HHS | National Institutes of Health (NIH) (R01AG045044). This work,
including the efforts of Liise-anne Pirofski, was funded by HHS | National
Institutes of Health (NIH) (R56AI104234). This work, including the efforts of Daniel Mendoza, was funded by American Association of Immunologists (AAI).
The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.

REFERENCES
1. Vernatter J, Pirofski LA. 2013. Current concepts in host-microbe interaction leading to pneumococcal pneumonia. Curr Opin Infect Dis 26:
277–283. http://dx.doi.org/10.1097/QCO.0b013e3283608419.
2. Centers for Disease Control and Prevention. 2010. Updated recommendations for prevention of invasive pneumococcal disease among adults
using the 23-valent pneumococcal polysaccharide vaccine (PPSV23).
MMWR Morb Mortal Wkly Rep 59:1102–1106.
3. French N, Gordon SB, Mwalukomo T, White SA, Mwafulirwa G,
Longwe H, Mwaiponya M, Zijlstra EE, Molyneux ME, Gilks CF.
2010. A trial of a 7-valent pneumococcal conjugate vaccine in HIVinfected adults. N Engl J Med 362:812– 822. http://dx.doi.org/10.1056
/NEJMoa0903029.
4. Moberley SA, Holden J, Tatham DP, Andrews RM. 23 January 2008.
Vaccines for preventing pneumococcal infection in adults. Cochrane Database Syst Rev http://dx.doi.org/10.1002/14651858.CD000422.pub2.
5. Bonten MJ, Huijts SM, Bolkenbaas M, Webber C, Patterson S, Gault S,
van Werkhoven CH, van Deursen AM, Sanders EA, Verheij TJ, Patton
M, McDonough A, Moradoghli-Haftvani A, Smith H, Mellelieu T,
Pride MW, Crowther G, Schmoele-Thoma B, Scott DA, Jansen KU,
Lobatto R, Oosterman B, Visser N, Caspers E, Smorenburg A, Emini
EA, Gruber WC, Grobbee DE. 2015. Polysaccharide conjugate vaccine
against pneumococcal pneumonia in adults. N Engl J Med 372:1114 –
1125. http://dx.doi.org/10.1056/NEJMoa1408544.

528

cvi.asm.org

6. Goldblatt D, Southern J, Andrews N, Ashton L, Burbidge P, Woodgate
S, Pebody R, Miller E. 2009. The immunogenicity of 7-valent pneumococcal conjugate vaccine versus 23-valent polysaccharide vaccine in adults
aged 50-80 years. Clin Infect Dis 49:1318 –1325. http://dx.doi.org/10.1086
/606046.
7. Shelly MA, Jacoby H, Riley GJ, Graves BT, Pichichero M, Treanor JJ.
1997. Comparison of pneumococcal polysaccharide and CRM197conjugated pneumococcal oligosaccharide vaccines in young and elderly
adults. Infect Immun 65:242–247.
8. Jackson LA, Neuzil KM, Nahm MH, Whitney CG, Yu O, Nelson JC,
Starkovich PT, Dunstan M, Carste B, Shay DK, Baggs J, Carlone GM.
2007. Immunogenicity of varying dosages of 7-valent pneumococcal polysaccharide-protein conjugate vaccine in seniors previously vaccinated
with 23-valent pneumococcal polysaccharide vaccine. Vaccine 25:4029 –
4037. http://dx.doi.org/10.1016/j.vaccine.2007.02.062.
9. Tobudic S, Plunger V, Sunder-Plassmann G, Riegersperger M, Burgmann H. 2012. Randomized, single blind, controlled trial to evaluate the
prime-boost strategy for pneumococcal vaccination in renal transplant
recipients. PLoS One 7:e46133. http://dx.doi.org/10.1371/journal.pone
.0046133.
10. Kumar D, Chen MH, Wong G, Cobos I, Welsh B, Siegal D, Humar A.
2008. A randomized, double-blind, placebo-controlled trial to evaluate
the prime-boost strategy for pneumococcal vaccination in adult liver
transplant recipients. Clin Infect Dis 47:885– 892. http://dx.doi.org/10
.1086/591537.
11. Ahmed F, Steinhoff MC, Rodriguez-Barradas MC, Hamilton RG,
Musher DM, Nelson KE. 1996. Effect of human immunodeficiency virus
type 1 infection on the antibody response to a glycoprotein conjugate
pneumococcal vaccine: results from a randomized trial. J Infect Dis 173:
83–90. http://dx.doi.org/10.1093/infdis/173.1.83.
12. Penaranda M, Payeras A, Cambra A, Mila J, Riera M, Majorcan Pneumococcal Study Group. 2010. Conjugate and polysaccharide pneumococcal vaccines do not improve initial response of the polysaccharide vaccine in HIV-infected adults. AIDS 24:1226 –1228. http://dx.doi.org/10
.1097/QAD.0b013e3283389de5.
13. Crum-Cianflone NF, Huppler Hullsiek K, Roediger M, Ganesan A,
Patel S, Landrum ML, Weintrob A, Agan BK, Medina S, Rahkola J, Hale
BR, Janoff EN, Infectious Disease Clinical Research Program HIV
Working Group. 2010. A randomized clinical trial comparing revaccination with pneumococcal conjugate vaccine to polysaccharide vaccine
among HIV-infected adults. J Infect Dis 202:1114 –1125. http://dx.doi.org
/10.1086/656147.
14. Feikin DR, Elie CM, Goetz MB, Lennox JL, Carlone GM, RomeroSteiner S, Holder PF, O’Brien WA, Whitney CG, Butler JC, Breiman
RF. 2001. Randomized trial of the quantitative and functional antibody
responses to a 7-valent pneumococcal conjugate vaccine and/or 23-valent
polysaccharide vaccine among HIV-infected adults. Vaccine 20:545–553.
http://dx.doi.org/10.1016/S0264-410X(01)00347-4.
15. Centers for Disease Control and Prevention. 2012. Use of 13-valent
pneumococcal conjugate vaccine and 23-valent pneumococcal polysaccharide vaccine for adults with immunocompromising conditions: recommendations of the Advisory Committee on Immunization Practices
(ACIP). MMWR Morb Mortal Wkly Rep 61:816 – 819.
16. Benito N, Moreno A, Miro JM, Torres A. 2012. Pulmonary infections in
HIV-infected patients: an update in the 21st century. Eur Respir J 39:730 –
745. http://dx.doi.org/10.1183/09031936.00200210.
17. Rodriguez-Barradas MC, Serpa JA, Munjal I, Mendoza D, Rueda AM,
Mushtaq M, Pirofski LA. 2015. Quantitative and qualitative antibody
responses to immunization with the pneumococcal polysaccharide vaccine in HIV-infected patients after initiation of antiretroviral treatment:
results from a randomized clinical trial. J Infect Dis 211:1703–1711. http:
//dx.doi.org/10.1093/infdis/jiu819.
18. Hart M, Steel A, Clark SA, Moyle G, Nelson M, Henderson DC, Wilson
R, Gotch F, Gazzard B, Kelleher P. 2007. Loss of discrete memory B cell
subsets is associated with impaired immunization responses in HIV-1
infection and may be a risk factor for invasive pneumococcal disease. J
Immunol 178:8212– 8220. http://dx.doi.org/10.4049/jimmunol.178.12
.8212.
19. Martinez-Maza O, Crabb E, Mitsuyasu RT, Fahey JL, Giorgi JV. 1987.
Infection with the human immunodeficiency virus (HIV) is associated
with an in vivo increase in B lymphocyte activation and immaturity. J
Immunol 138:3720 –3724.

Clinical and Vaccine Immunology

June 2016 Volume 23 Number 6

Downloaded from http://cvi.asm.org/ on May 9, 2021 by guest

do not affect the capacity of postvaccine serum to opsonize S.
pneumoniae or affect antibody production against PPV in humans.
Most unvaccinated adults have been previously exposed to
pneumococcal antigens by colonization or prior infections during
childhood (1). The vast majority of the HIV⫹ subjects in our study
had detectable serum levels of pneumococcus-specific IgG before
PPV vaccination, indicating that they had been exposed to pneumococcal antigens previously and that the post-PPV responses
that we measured were recall responses. The presence of PS-specific memory B cells and PS-specific antibodies after PPV vaccination is associated with protection against IPD (34–36). HIV⫹ patients on ART remain at high risk for developing IPD (37), and the
efficacy of existing pneumococcal vaccines is suboptimal in this
patient group (37, 38). We found that PIs do not impair PS-specific antibody production and OPA following PPV immunization
in humans and mice, indicating that PIs do not play a causal role in
the persistent B cell dysfunction observed in HIV⫹ patients on
ART (18) and in the increased incidence of pneumococcal pneumonia observed among these patients (16–18). The results provide reassurance about using PIs in humans and support investigation of other mechanisms, such as the impact of subclinical viral
replication in antiretroviral-treated HIV⫹ patients or the effects of
non-PI antiretrovirals on B cell responses.

HIV Protease Inhibitors and Pneumococcal Vaccines

June 2016 Volume 23 Number 6

30.

31.

32.
33.

34.

35.

36.

37.
38.

protease inhibitor ritonavir on GLUT4 knock-out mice. J Biol Chem 285:
36395–36400. http://dx.doi.org/10.1074/jbc.M110.176321.
Pati S, Pelser CB, Dufraine J, Bryant JL, Reitz MS, Jr, Weichold FF.
2002. Antitumorigenic effects of HIV protease inhibitor ritonavir: inhibition of Kaposi sarcoma. Blood 99:3771–3779. http://dx.doi.org/10.1182
/blood.V99.10.3771.
Kruetzmann S, Rosado MM, Weber H, Germing U, Tournilhac O,
Peter HH, Berner R, Peters A, Boehm T, Plebani A, Quinti I, Carsetti
R. 2003. Human immunoglobulin M memory B cells controlling Streptococcus pneumoniae infections are generated in the spleen. J Exp Med
197:939 –945. http://dx.doi.org/10.1084/jem.20022020.
Slota M, Lim JB, Dang Y, Disis ML. 2011. ELISpot for measuring human
immune responses to vaccines. Expert Rev Vaccines 10:299 –306. http://dx
.doi.org/10.1586/erv.10.169.
Bai L, Deng S, Reboulet R, Mathew R, Teyton L, Savage PB, Bendelac
A. 2013. Natural killer T (NKT)-B-cell interactions promote prolonged
antibody responses and long-term memory to pneumococcal capsular
polysaccharides. Proc Natl Acad Sci U S A 110:16097–16102. http://dx.doi
.org/10.1073/pnas.1303218110.
Moens L, Wuyts M, Meyts I, De Boeck K, Bossuyt X. 2008. Human
memory B lymphocyte subsets fulfill distinct roles in the antipolysaccharide and anti-protein immune response. J Immunol 181:5306 –
5312. http://dx.doi.org/10.4049/jimmunol.181.8.5306.
Leggat DJ, Thompson RS, Khaskhely NM, Iyer AS, Westerink MA.
2013. The immune response to pneumococcal polysaccharides 14 and 23F
among elderly individuals consists predominantly of switched memory B
cells. J Infect Dis 208:101–108. http://dx.doi.org/10.1093/infdis/jit139.
Hedlund J, Ortqvist A, Konradsen HB, Kalin M. 2000. Recurrence of
pneumonia in relation to the antibody response after pneumococcal vaccination in middle-aged and elderly adults. Scand J Infect Dis 32:281–286.
http://dx.doi.org/10.1080/00365540050165929.
Moir S, Fauci AS. 2013. Insights into B cells and HIV-specific B-cell
responses in HIV-infected individuals. Immunol Rev 254:207–224. http:
//dx.doi.org/10.1111/imr.12067.
Teshale EH, Hanson D, Flannery B, Phares C, Wolfe M, Schuchat A,
Sullivan P. 2008. Effectiveness of 23-valent polysaccharide pneumococcal
vaccine on pneumonia in HIV-infected adults in the United States, 19982003. Vaccine 26:5830 –5834. http://dx.doi.org/10.1016/j.vaccine.2008.08
.032.

Clinical and Vaccine Immunology

cvi.asm.org

529

Downloaded from http://cvi.asm.org/ on May 9, 2021 by guest

20. Flexner C. 1998. HIV-protease inhibitors. N Engl J Med 338:1281–1292.
http://dx.doi.org/10.1056/NEJM199804303381808.
21. Giardino Torchia ML, Ciaglia E, Masci AM, Vitiello L, Fogli M, la
Sala A, Mavilio D, Racioppi L. 2010. Dendritic cells/natural killer
cross-talk: a novel target for human immunodeficiency virus type-1
protease inhibitors. PLoS One 5:e11052. http://dx.doi.org/10.1371
/journal.pone.0011052.
22. Andre P, Groettrup M, Klenerman P, de Giuli R, Booth BL, Jr, Cerundolo V, Bonneville M, Jotereau F, Zinkernagel RM, Lotteau V. 1998. An
inhibitor of HIV-1 protease modulates proteasome activity, antigen presentation, and T cell responses. Proc Natl Acad Sci U S A 95:13120 –13124.
http://dx.doi.org/10.1073/pnas.95.22.13120.
23. Kariya R, Taura M, Suzu S, Kai H, Katano H, Okada S. 2014. HIV
protease inhibitor lopinavir induces apoptosis of primary effusion lymphoma cells via suppression of NF-kappaB pathway. Cancer Lett 342:52–
59. http://dx.doi.org/10.1016/j.canlet.2013.08.045.
24. Manegold C, Hannoun C, Wywiol A, Dietrich M, Polywka S, Chiwakata
CB, Gunther S. 2001. Reactivation of hepatitis B virus replication accompanied by acute hepatitis in patients receiving highly active antiretroviral
therapy. Clin Infect Dis 32:144 –148. http://dx.doi.org/10.1086/317535.
25. Rodriguez-Barradas MC, Alexandraki I, Nazir T, Foltzer M, Musher
DM, Brown S, Thornby J. 2003. Response of human immunodeficiency
virus-infected patients receiving highly active antiretroviral therapy to
vaccination with 23-valent pneumococcal polysaccharide vaccine. Clin
Infect Dis 37:438 – 447. http://dx.doi.org/10.1086/375841.
26. French N, Moore M, Haikala R, Kayhty H, Gilks CF. 2004. A casecontrol study to investigate serological correlates of clinical failure of 23valent pneumococcal polysaccharide vaccine in HIV-1-infected Ugandan
adults. J Infect Dis 190:707–712. http://dx.doi.org/10.1086/421911.
27. Romero-Steiner S, Musher DM, Cetron MS, Pais LB, Groover JE, Fiore
AE, Plikaytis BD, Carlone GM. 1999. Reduction in functional antibody
activity against Streptococcus pneumoniae in vaccinated elderly individuals highly correlates with decreased IgG antibody avidity. Clin Infect Dis
29:281–288. http://dx.doi.org/10.1086/520200.
28. Cooper CL, van Heeswijk RP, Gallicano K, Cameron DW. 2003. A
review of low-dose ritonavir in protease inhibitor combination therapy.
Clin Infect Dis 36:1585–1592. http://dx.doi.org/10.1086/375233.
29. Vyas AK, Koster JC, Tzekov A, Hruz PW. 2010. Effects of the HIV

