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Editorial on the Research Topic 


Infectious Agent-Induced Chronic Immune Activation: Causes, Phenotypes, and Consequences



Summary

Persistent immune activation and dysfunction induced by infectious agents may contribute to long term comorbid conditions in individuals exposed to these pathogens. Even during successful antimicrobial treatment, increased levels of inflammation and immune cell activation and inappropriate immune cell migration and retention in tissue sites may contribute to tissue damage and end organ disease (e.g., atherosclerosis or liver or kidney damage). Understanding why some populations infected with a pathogen are able to regulate their immune responses and limit their inflammatory consequences, while other individuals may have exacerbated and persistent immune responses even during suppressive therapy, may provide insights for development of complementary immune-modulatory therapies that may reduce inflammation and morbidity and mortality in these groups. The Research Topic highlights some of these issues.

Any infection induces the activation of the human immune system via various mechanisms. The problem is that although some forms of this immune activation are beneficial for the eradication of the microbial agent, others may be toxic, not only in the short term but also in the long term. It is therefore important to understand these pathogenic pathways, inasmuch as they may persist even under efficient antimicrobial therapy.



The Ways an Infectious Agent May Trigger the Immune System

Some microbial components may activate the complement and/or the coagulation system and thereby start an inflammatory reaction. Phagocytic cells will be recruited into infected tissues, and activated to engulf the infectious agent in order to neutralize it. In the meantime, immune and non-immune cells detect the presence of pathogen-associated molecular patterns, triggering a danger signal that also fuels inflammation and promoting the initiation of the adaptive immune response, ideally, resulting in a cellular and humoral immune response targeting specific microbial antigens. Natural killer cells and cytotoxic T cells will identify infected cells and destroy them. All of these types of immune activation may contribute to the elimination of the invader. Yet, besides these desirable effects, the microbial agent may also cause side effects with potential pathogenic consequences (Figure 1).




Figure 1 | Potential causes and consequences of immune activation in the course of an infection.



First, many infectious agents have developed the means to evade defenses and subsequently promote immune dysfunction. A master of this gameplay is the human cytomegalovirus (HCMV). HCMV downregulates the density of HLA classes I and II at the surface of the cells it infects (1) and interferes with their ability to present antigens (2), reducing thereby CD4+ T cell and CD8+ T cell specific responses. To prevent the attack by natural killer cells as a consequence of HLA I downregulation, the virus encodes a nonfunctional class I MHC homolog as a decoy (3). Other homologs encoded by HCMV are chemokine receptor and Fc receptor homologs acting as sinks for local chemokines and antibodies, respectively (4, 5). HCMV also inhibits macrophage motility by downregulating chemokine receptors, inducing the production of macrophage migration inhibitory factor, and acting directly on macrophage cytoskeleton functionality (6). In addition, this herpesvirus reduces complement activation by inducing natural complement inhibitors (7), and inflammation by coding for a viral form of the anti-inflammatory cytokine IL-10 (8). Finally, HCMV reduces the ability of T cells to proliferate and to secrete IL-2 and IFN-γ (9). The infectious agent itself will benefit from the immune deficiency it has induced, but other infections may also be thereby boosted, promoting a cycle of more infections and more immune activation and dysfunction.

Second, infections may indirectly activate the immune system via metabolic disorders. Thus, Human Immunodeficiency Virus (HIV) infection increases the level of oxidized LDL able to activate monocytes via Lectin-like oxidized LDL receptor-1 (10). Proinflammatory lipid classes and species (including ceramides and saturated fatty acids), the levels of which are altered by HIV-1 and antiretroviral therapy (ART), may also promote inflammation and cardiometabolic complications (11, 12). Infections may also indirectly activate the immune system through microbial disorders. For instance, influenza virus has been shown to favor bacterial species in the gut lumen (13). In addition to modifying the microbiota, HIV facilitates the translocation of microbial components from the gut lumen into the circulation by depleting Th17 cells in the gut-associated lymphoid tissue and by causing a local inflammation (14). The same is true for HCMV, known to infect gut epithelial cells and to provoke microbial translocation (15).

Third, some infectious agents may perpetuate immune activation by altering immune suppressor cell function. As an example, HIV has been reported to create a quantitative and probably qualitative deficiency in regulatory T cells (16).

Fourth, microbial components often directly activate immune cells. HIV is again a good example of this; HIV RNA stimulates plasmacytoid dendritic cells via TLR7 (17), and HIV DNA triggers CD4+ T cell pyroptosis and the release of inflammatory cytokines (18). The external envelope glycoprotein Gp120 (19) and the accessory protein Vpr (20) activate monocytes/macrophages, whereas the transmembrane envelope glycoprotein Gp40 promotes T cell activation by interacting with the T cell receptor (21). Moreover, the transactivator protein Tat has been reported to induce oxidative stress via NFkB in B cells (22).

Finally, even though microbial antigen-driven B cell and T cell activation is intended to be beneficial, protracted activation will result in immune senescence, decreased potential to respond to other stimuli, and immune deficiency.

Concerning the infectious agents for which we have therapeutic possibilities, the treatment of these pathogens will reduce the levels of immune activation. Yet, even virologically efficient drugs may not abolish all of the immune activation, as it has been abundantly proven for HIV infection (23).

From the point of view of benefit to the microbial agent, triggering a global and generalized activation of the immune system may be paradoxically desirable, if it is able to ultimately evade the storm of the activated immune system and co-exist with chronic activation and the resulting senescence. Yet again, HIV provides an example, whereby it evades antibody responses by constant generation of envelope variants (24), which can act as neoantigens, and continually drive germinal center reactions associated with generation of newly activated CD4 target cells (25).

In this Research Topic, the role of residual microbial load, microbial translocation, and adipose tissue alterations will be addressed.

Younas et al. have identified a particular profile of immune activation in people living with HIV-1 (PLHIV) presenting residual viral load under ART. This profile is characterized by CD4+ T cell, monocyte, and endothelial activation. These data reinforce the hypothesis that low-level viremia could drive a specific form of immune activation in virologic responders. Many studies using the single copy assay of plasma viremia have shown that most patients have persistent plasma viremia in the range of 1-10 copies/ml despite being classified as fully suppressed by standard clinical monitoring assays (26).

However, there now appears to be a spectrum of activity of the HIV proviral reservoir in patients fully suppressed on ART. A new highly sensitive assay using circulating CD4 T cells has shown that there is a 3 log10 range of the level of intracellular HIV RNA transcripts within different patients’ CD4 T cells (27), that has not been stopped by ART. Patients at the higher end of this range are those that can have plasma viral load blips (27), consistent with previous results that higher levels of intracellular unspliced HIV-1 RNA in PBMC from patients on ART correlated with shorter time to HIV-1 recrudescence after treatment interruption (28).

Another cause of immune activation is explored by Isnard et al., Mak et al., and Ancona et al., microbial translocation due to loss of gastrointestinal barrier integrity, as a result of HIV infection. Isnard et al. review the mechanisms of immune activation related to fungal translocation in HIV infection. They discuss the different markers of fungal translocation, in particular, β-D Glucan, a major cell wall component of most fungi, linked to disease progression and inflammation in treated and nontreated patients. They also discuss specific strategies that could be critical to reduce the contribution of fungal translation to inflammation in PLHIV.

Mak et al. aimed to directly quantitatively measure, in vivo, the loss of gastrointestinal barrier integrity using the technique of confocal endomicroscopy. In contrast to what was expected, they were unable to document a clear weakness in integrity of the epithelial barrier in HIV+ patients on ART, even those who commenced therapy relatively late in disease, compared to HIV-uninfected controls. Even though this was a relatively small study, it should have shown any obvious defect in gut permeability that should have been as widespread as currently believed for PLHIV, according to the literature.

Ancona et al. aimed to measure not only longitudinal changes in markers of microbial translocation and gut microbiota in PLHIV commencing ART for 24 months, but also direct analysis of microbial flora in blood. They found chronic elevation of the plasma marker of microbial translocation, sCD14, but a clinical index of gut permeability, the ratio of lactulose and mannitol in urinary excretion, showed a similar range compared to the level reported in healthy controls and treated coeliac patients, from the literature. Similarly, the level of fecal calprotectin, another clinical marker of gut permeability, after ART appeared to be within the normal range from the literature. However, while their patients’ gut microbiota showed that they maintained an apparent gut dysbiosis, as reported in many other studies, the blood microbiota suggested selective translocation of microbes, with a higher plasma abundance of the Proteobacteria phylum compared to intestinal abundance.

Finally, Bourgeois et al. have reviewed the role of adipose tissue in HIV-driven immune activation. The loss of muscle and fat tissue mass during untreated HIV-1 infection and then the emergence of ART-related lipodystrophy led to intensive study of adipose tissue in PLHIV. Proteins encoded by HIV-1 may directly affect adipocytes, in addition to the indirect effect of CD4 T cell infection. The lymphatic vasculature is an important part of adipose tissue, therefore the inability of ART to completely eradicate HIV-1 infection can lead to low-grade inflammation in adipose tissue, similar to obesity, with resulting co-morbidities.

Overall, low level chronic activation of the immune system in PLHIV is probably partly due to the inability of current ART to completely suppress HIV transcriptional activity and the resulting extremely low level plasma viremia, reflecting residual production of HIV-1 proteins, and even complete virions, in various tissues.

This is in addition to the compromise of immune defenses, particularly in the gastrointestinal tract, leading to the low level of systemic stimulation by the increased presence of microbial products. Other important frontline barrier systems probably also require more focused study in this regard, particularly HIV persistence in the respiratory tract (29, 30), changes in skin, such as acne following commencement of ART (31), and perturbations in the CNS (32).



The Forms of Microbial-Induced Immune Activation

All types of immune activation have been reported in the course of infections. For the sole example of HIV, CD4+ T cell, CD8+ T cell, B cell, NK cell, dendritic cell, monocyte/macrophage, polymorphonuclear cell, complement activation, and inflammation have been observed in non-treated as well as in ART-treated patients (23).

In this Research Topic, the types of immune activation in severe COVID-19 and HIV-associated immune reconstitution inflammatory syndrome, respectively, are reviewed by Seddiki and French. They find that there are significant parallels in the two conditions, and the link appears to be amplified activation of monocytes/macrophages associated with aberrant pro-inflammatory T and B cell adaptive responses.



The Consequences of Microbial-Induced Immune Activation

In addition to fueling non-transmissible chronic diseases, persisting immune activation may be deleterious for the immune system itself, as it may induce immune senescence and immune deficiency. The link between immune activation and non-immune restoration is explored in the work by Shive et al. A combination of persisting elevated levels of pro-inflammatory IP-10 and reduced levels of anti-inflammatory TGF-ß1 is associated with lower CD4 cell count reconstitution in PLHIV on ART, with controlled plasma viremia.

Immune activation may also impact the capability of mounting a specific immune response. Several studies explored the link between COVID-19 severity and the development of an efficient humoral immunity with contradictory results. Moreover, the question of antibodies as beneficial, neutral or harmful in SARS-CoV-2 infection remains controversial. Feng et al.  assessed SARS-Cov-2 seroprevalence in 84 hospitalized patients. They observed that the antibody response against three important antigens (RBD, N and S) dynamically changed over time to reach a peak 3-4 weeks after symptom onset with a response lasting for an average of 112 days. They found that these responses were higher in patients with a severe condition.



Microbial-Induced Immune Activation and Therapeutic Intervention

Antimicrobial therapy may reduce immune activation and its deleterious consequences. This is the case for naïve CD4+ lymphopenia induced by HCV which is reduced by direct-acting antiviral drugs, as shown by Auma et al. resulting in at least partial or full restoration of circulating naïve CD4 T cells numbers. The importance of the size of the pool of these cells for control of future infections has recently been suggested as the cause of the age-related loss of control of SARS-CoV-2 infection in older patients (33).

This is also the case for ART which diminishes HIV-driven immune activation. Yet, there are differences between ART regimens, and potentially between 1-, 2- and 3-drug regimens as discussed by van Welzen et al. 

By contrast certain antimicrobial therapies may worsen immune activation. An example thereof is given by Fu et al. They report that although PEG-IFNα-2b has early antiviral effects, it later exerts an immune activation effect inducing an upregulation of CD24+CD38hi B cells driving an immuno-suppressive program and reducing anti-virus therapeutic effects. They show that the expansion of CD24+CD38hi B cells correlated negatively with therapeutic effects. In this context they also found CD24 to be a suitable marker to target CD24+CD38hi cells, and demonstrate the possibility to interrupt the immunosuppressive state using an anti-CD24 antibody.

Last, Kircheis et al. propose a therapeutic strategy targeting directly the immune activation in COVID-19. Indeed, they present the proinflammatory transcription factor NF-κB as a possible therapeutic target for treatment of the cytokine storm associated with the severe forms of COVID-19. The authors used different models, in vitro human macrophages, H5N1 infected BALB/c mice and LPS-induced cytokines in BALB/c mice to test VL-01, a proteasome inhibitor. They demonstrated the efficacy of this inhibitor in vitro and in mice to significantly reduce the release of pro-inflammatory cytokines (IL-1, IL-6, TNF-α) and chemokines (MIP-1, CXCL1).



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

PC was supported by MSDAvenir (DS-2016-0010).



References

1. Barnes, PD, and Grundy, JE. Down Regulation of the Class I HLA Heterodimer and β2-Microglobulin on the Surface of Cells Infected With Cytomegalovirus. J Gen Virol (1992) 73:2395. doi: 10.1099/0022-1317-73-9-2395

2. Ahn, K, Angulo, A, Ghazal, P, Peterson, PA, Yang, Y, and Früh, K. Human Cytomegalovirus Inhibits Antigen Presentation by a Sequential Multistep Process. Proc Natl Acad Sci USA (1996) 93:10990–5. doi: 10.1073/pnas.93.20.10990

3. Reyburn, HT, Mandelboim, O, Valés-Gómez, M, Davis, DM, Pazmany, L, and Strominger, JL. The Class I MHC Homologue of Human Cytomegalovirus Inhibits Attack by Natural Killer Cells. Nature (1997) 386:514–7. doi: 10.1038/386514a0

4. Neote, K, DiGregorio, D, Mak, JY, Horuk, R, and Schall, TJ. Molecular Cloning, Functional Expression, and Signaling Characteristics of a C-C Chemokine Receptor. Cell (1993) 72:415–25. doi: 10.1016/0092-8674(93)90118-A

5. Atalay, R, Zimmermann, A, Wagner, M, Borst, E, Benz, C, Messerle, M, et al. Identification and Expression of Human Cytomegalovirus Transcription Units Coding for Two Distinct Fcgamma Receptor Homologs. J Virol (2003) 76:8596–608. doi: 10.1128/JVI.76.17.8596-8608.2002

6. Frascaroli, G, Varani, S, Blankenhorn, N, Pretsch, R, Bacher, M, Leng, L, et al. Human Cytomegalovirus Paralyzes Macrophage Motility Through Down-Regulation of Chemokine Receptors, Reorganization of the Cytoskeleton, and Release of Macrophage Migration Inhibitory Factor. J Immunol (2009) 182:477–88. doi: 10.4049/jimmunol.182.1.477

7. Spiller, OB, Hanna, SM, Devine, DV, and Tufaro, F. Neutralization of Cytomegalovirus Virions: The Role of Complement. J Infect Dis (1997) 176:339–47. doi: 10.1086/514050

8. Kotenko, SV, Saccani, S, Izotova, LS, Mirochnitchenko, OV, and Pestka, S. Human Cytomegalovirus Harbors Its Own Unique IL-10 Homolog (cmvIL-10). Proc Natl Acad Sci USA (2000) 97:1695–700. doi: 10.1073/pnas.97.4.1695

9. Sester, U, Presser, D, Dirks, J, Gärtner, BC, Köhler, H, and Sester, M. PD-1 Expression and IL-2 Loss of Cytomegalovirus- Specific T Cells Correlates With Viremia and Reversible Functional Anergy. Am J Transplant (2008) 8:1486–97. doi: 10.1111/j.1600-6143.2008.02279.x

10. Zidar, DA, Juchnowski, S, Ferrari, B, Clagett, B, Pilch-Cooper, HA, Rose, S, et al. (2015) 69.2:154–60.

11. Zhao, W, Wang, X, Deik, AA, Hanna, DB, Wang, T, Haberlen, SA, et al. Elevated Plasma Ceramides Are Associated With Antiretroviral Therapy Use and Progression of Carotid Artery Atherosclerosis in HIV Infection. Circulation (2019) 139:2003–11. doi: 10.1161/CIRCULATIONAHA.118.037487

12. Bowman, ER, Cameron, CM, Richardson, B, Kulkarni, M, Gabriel, J, Cichon, MJ, et al. Macrophage Maturation From Blood Monocytes Is Altered in People With HIV, and Is Linked to Serum Lipid Profiles and Activation Indices: A Model for Studying Atherogenic Mechanisms. PLoS Pathog (2020) 16:e1008869. doi: 10.1371/journal.ppat.1008869

13. Sencio, V, Barthelemy, A, Tavares, LP, Machado, MG, Soulard, D, Cuinat, C, et al. Gut Dysbiosis During Influenza Contributes to Pulmonary Pneumococcal Superinfection Through Altered Short-Chain Fatty Acid Production. Cell Rep (2020) 30:2934–47. doi: 10.1016/j.celrep.2020.02.013

14. Hunt, PW. Th17, Gut, and HIV: Therapeutic Implications.Curr Opin HIV AIDS. Curr Opin HIV AIDS (2010) 5:189–93. doi: 10.1097/COH.0b013e32833647d9

15. Maidji, E, Somsouk, M, Rivera, JM, Hunt, PW, and Stoddart, CA. Replication of CMV in the Gut of HIV-Infected Individuals and Epithelial Barrier Dysfunction. PLoS Pathog (2017) 13:e1006202. doi: 10.1371/journal.ppat.1006202

16. Chevalier, MF, and Weiss, L. The Split Personality of Regulatory T Cells in HIV Infection. Blood (2013) 121:29–37. doi: 10.1182/blood-2012-07-409755

17. Beignon, A-S, McKenna, K, Skoberne, M, Manches, O, DaSilva, I, Kavanagh, DG, et al. Endocytosis of HIV-1 Activates Plasmacytoid Dendritic Cells via Toll-Like Receptor-Viral RNA Interactions. J Clin Invest (2005) 115:3265–75. doi: 10.1172/JCI26032

18. Doitsh, G, Cavrois, M, Lassen, KG, Zepeda, O, Yang, Z, Santiago, ML, et al. Abortive HIV Infection Mediates CD4 T Cell Depletion and Inflammation in Human Lymphoid Tissue. Cell (2010) 143:789–801. doi: 10.1016/j.cell.2010.11.001

19. Planès, R, Serrero, M, Leghmari, K, BenMohamed, L, and Bahraoui, B. HIV-1 Envelope Glycoproteins Induce the Production of TNF-α and IL-10 in Human Monocytes by Activating Calcium Pathway. Sci Rep (2018) 8(1):17215. doi: 10.1038/s41598-018-35478-1

20. Varin, A, Decrion, AZ, Sabbah, E, Quivy, V, Sire, J, Van Lint, C, et al. Synthetic Vpr Protein Activates Activator Protein-1, C-Jun N-Terminal Kinase, and NF-kappaB and Stimulates HIV-1 Transcription in Promonocytic Cells and Primary Macrophages. J Biol Chem (2005) 280:42557–67. doi: 10.1074/jbc.M502211200

21. Yakovian, O, Schwarzer, R, Sajman, J, Neve-Oz, Y, Razvag, Y, Herrmann, A, et al. Gp41 Dynamically Interacts With the TCR in the Immune Synapse and Promotes Early T Cell Activation. Sci Rep (2018) 8:9747. doi: 10.1038/s41598-018-28114-5

22. El-Amine, R, Germini, D, Zakharova, VV, Tsfasman, T, Sheval, EV, Louzada, RAN, et al. HIV-1 Tat Protein Induces DNA Damage in Human Peripheral Blood B-Lymphocytes via Mitochondrial ROS Production. Redox Biol (2018) 15:97–108. doi: 10.1016/j.redox.2017.11.024

23. Younas, M, Psomas, C, Reynes, J, and Corbeau, P. Immune Activation in the Course of HIV-1 Infection: Causes, Phenotypes and Persistence Under Therapy. HIV Med (2016) 17:89–105. doi: 10.1111/hiv.12310

24. Richman, DD, Wrin, T, Little, SJ, and Petropoulos, CJ. Rapid Evolution of the Neutralizing Antibody Response to HIV Type 1 Infection. Proc Natl Acad Sci USA (2003) 100:4144–9. doi: 10.1073/pnas.0630530100

25. Zaunders, J, Xu, Y, Kent, SJ, Koelsch, KK, and Kelleher, AD. Divergent Expression of CXCR5 and CCR5 on CD4(+) T Cells and the Paradoxical Accumulation of T Follicular Helper Cells During HIV Infection. Front Immunol (2017) 8:495. doi: 10.3389/fimmu.2017.00495

26. Palmer, S, Maldarelli, F, Wiegand, A, Bernstein, B, Hanna, GJ, Brun, SC, et al. Low-Level Viremia Persists for at Least 7 Years in Patients on Suppressive Antiretroviral Therapy. Proc Natl Acad Sci USA (2008) 105:3879–84. doi: 10.1073/pnas.0800050105

27. Suzuki, K, Levert, A, Yeung, J, Starr, M, Cameron, J, Williams, R, et al. HIV-1 Viral Blips Are Associated With Repeated and Increasingly High Levels of Cell-Associated HIV-1 RNA Transcriptional Activity. AIDS (2021) 35(13):2095–103. doi: 10.1097/QAD.0000000000003001

28. Pasternak, AO, Grijsen, ML, Wit, FW, Bakker, M, Jurriaans, S, Prins, JM, et al. Cell-Associated HIV-1 RNA Predicts Viral Rebound and Disease Progression After Discontinuation of Temporary Early ART. JCI Insight (2020) 5(6):e134196. doi: 10.1172/jci.insight.134196

29. Costiniuk, CT, Salahuddin, S, Farnos, O, Olivenstein, R, Pagliuzza, A, Orlova, M, et al. HIV Persistence in Mucosal CD4+ T Cells Within the Lungs of Adults Receiving Long-Term Suppressive Antiretroviral Therapy. AIDS (2018) 32:2279–89. doi: 10.1097/QAD.0000000000001962

30. Cribbs, SK, Lennox, J, Caliendo, AM, Brown, LA, and Guidot, DM. Healthy HIV-1-Infected Individuals on Highly Active Antiretroviral Therapy Harbor HIV-1 in Their Alveolar Macrophages. AIDS Res Hum Retroviruses (2015) 31:64–70. doi: 10.1089/aid.2014.0133

31. Scott, C, Staughton, RC, Bunker, CJ, and Asboe, D. Acne Vulgaris and Acne Rosacea as Part of Immune Reconstitution Disease in HIV-1 Infected Patients Starting Antiretroviral Therapy. Int J STD AIDS (2008) 19:493–5. doi: 10.1258/ijsa.2008.008026

32. Hellmuth, J, Valcour, V, and Spudich, S. CNS Reservoirs for HIV: Implications for Eradication. J Virus Erad (2015) 1:67–71. doi: 10.1016/S2055-6640(20)30489-1

33. Sette, A, and Crotty, S. Adaptive Immunity to SARS-CoV-2 and COVID-19. Cell (2021) 184:861–80. doi: 10.1016/j.cell.2021.01.007




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Petitdemange, Funderburg, Zaunders and Corbeau. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




HYPOTHESIS AND THEORY

published: 10 December 2020

doi: 10.3389/fimmu.2020.598444

[image: image2]


NF-κB Pathway as a Potential Target for Treatment of Critical Stage COVID-19 Patients


Ralf Kircheis 1*†, Emanuel Haasbach 2†, Daniel Lueftenegger 1†, Willm T. Heyken 1†, Matthias Ocker 3† and Oliver Planz 2*


1 Virologik GmbH, Erlangen, Germany, 2 Institute of Cell Biology and Immunology, Eberhard Karls University Tuebingen, Tuebingen, Germany, 3 Institute for Surgical Research, Philipps University of Marburg, Marburg, Germany




Edited by:
 Caroline Petitdemange, Institut Pasteur, France

Reviewed by: 
Pio Conti, University of Studies G. d'Annunzio Chieti and Pescara, Italy
 Chengping Wen, Zhejiang Chinese Medical University, China

*Correspondence:
 Ralf Kircheis
 r.kircheis.rk@gmail.com
 Oliver Planz
 oliver.planz@uni-tuebingen.de 

†Present address:
 Ralf Kircheis, Syntacoll GmbH, Saal a.d. Donau, Germany
 Emanuel Haasbach, State Agency for Nature, Environment and Consumer Protection of North Rhine-Westphalia, Recklinghausen, Germany
 Daniel Lueftenegger, Biogen GmbH, Munich, Germany
 Willm T. Heyken, TÜV SÜD Product Service, Munich, Germany
 Matthias Ocker, Translational Medicine & Clinical Pharmacology, Boehringer Ingelheim Pharma GmbH, Ingelheim, Germany and Charité University Medicine Berlin, Berlin, Germany

Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 24 August 2020

Accepted: 27 November 2020

Published: 10 December 2020

Citation:
Kircheis R, Haasbach E, Lueftenegger D, Heyken WT, Ocker M and Planz O (2020) NF-κB Pathway as a Potential Target for Treatment of Critical Stage COVID-19 Patients. Front. Immunol. 11:598444. doi: 10.3389/fimmu.2020.598444



Patients infected with SARS-CoV-2 show a wide spectrum of clinical manifestations ranging from mild febrile illness and cough up to acute respiratory distress syndrome, multiple organ failure, and death. Data from patients with severe clinical manifestations compared to patients with mild symptoms indicate that highly dysregulated exuberant inflammatory responses correlate with severity of disease and lethality. Epithelial-immune cell interactions and elevated cytokine and chemokine levels, i.e. cytokine storm, seem to play a central role in severity and lethality in COVID-19. The present perspective places a central cellular pro-inflammatory signal pathway, NF-κB, in the context of recently published data for COVID-19 and provides a hypothesis for a therapeutic approach aiming at the simultaneous inhibition of whole cascades of pro-inflammatory cytokines and chemokines. The simultaneous inhibition of multiple cytokines/chemokines is expected to have much higher therapeutic potential as compared to single target approaches to prevent cascade (i.e. redundant, triggering, amplifying, and synergistic) effects of multiple induced cytokines and chemokines in critical stage COVID-19 patients.
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Introduction

Coronaviruses—enveloped positive-sense, single-stranded RNA viruses—are broadly distributed in humans and animals. While most human coronavirus (hCoV) infections show mild symptoms, there are highly pathogenic hCoV, including the severe acute respiratory syndrome virus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV), with 10 and 37% mortality, respectively. The novel coronavirus SARS-CoV-2 with more than 42 mio infected persons and 1.2 mio deaths worldwide (https://coronavirus.jhu.edu/) End of October 2020 has become a global pandemic with enormous medical and socio-economic burden. Patients infected with SARS-CoV-2 show a wide spectrum of clinical manifestations ranging from mild febrile illness and cough up to acute respiratory distress syndrome (ARDS), multiple organ failure, and death, i.e. a clinical picture in severe cases that is very similar to that seen in SARS-CoV and MERS-CoV infected patients. While younger individuals show predominantly mild-to-moderate clinical symptoms, elderly individuals frequently exhibit severe clinical manifestations (1–4). Post-mortem analysis showed Diffuse Alveolar Disease with capillary congestion, cell necrosis, interstitial oedema, platelet-fibrin thrombi, and infiltrates of macrophages and lymphocytes (5). Recently, the induction of endotheliitis in various organs (including lungs but also in heart and kidney and intestine) by SARS-CoV-2 infection as a direct consequence of viral involvement and of the host inflammatory response was shown (6, 7).

SARS-CoV-2 binds with its spike (S) protein to the angiotensin-converting enzyme-related carboxypeptidase-2 (ACE-2) receptor on the host cell using the cellular serine protease TMPRSS2 for S protein priming (8). The ACE-2 receptor is widely expressed in pulmonary and cardiovascular tissues, hematopoietic cells, including monocytes and macrophages which may explain the broad range of pulmonary and extra-pulmonary effects of SARS-CoV-2 infection including cardiac, gastrointestinal organs, and kidney affection (6, 8).



Materials and Methods


Proteasome Inhibitor

The novel proteasome inhibitor VL-01 (Z-Trp-Trp-Phe-aminohydantoin, MW = 752.82 g/mol) has been described by Leban et al. (9) and was synthesized at Almac (Ireland).



Confocal Microscopy of Nuclear Translocation of NF-κB

Cells, seeded overnight on cover-slides, were incubated with increasing concentrations of inhibitors, and stimulated with TNFα (2 ng/ml) for 30 min. Cells were fixated with 2% paraformaldehyde, washed, and permeabilized with PBS/Tween®20. Cells were stained using primary antibodies for NF-κB (p65), (rabbit pAb, Santa Cruz, Cat. No.: sc-372, 1:1,000) and fluorescence-labeled secondary antibody [Alexa Fluor® 488 goat anti-rabbit IgG (H+L), Life Technologies Cat. No.: 11008, 1:2,000] for 30 min. Subsequently, the cell nuclei were stained using DAPI (1:40,000, Life Technologies, Cat. No.: D1306) for 30 min. The cover-slides were embedded with Flouramount G (Invitrogen), dried overnight at 4°C, and evaluated by confocal microscope (Leica, LSM3).



Inhibition of Cytokine Release In Vivo in H5N1 Infection Model

The highly pathogenic avian H5N1 influenza A virus strain A/Mallard/Bavaria/1/2006 (H5N1, MB1), obtained from the Bavarian Health and Food Safety Authority, Oberschleissheim, Germany was grown in embryonated chicken eggs.

Six to 8-week-old Balb/c mice from the animal breeding facilities at the Friedrich-Loeffler-Institute, Federal Research Institute for Animal Health, Tuebingen, Germany, were anaesthetized by intraperitoneal injection of 150 µl of a ketamine (1%, Sanofi)-rompun (0,2%, Bayer) solution before treatment. Balb/c mice were intranasal infected with avian H5N1 virus A/mallard/Bavaria/1/2006 (7 × 10exp2 or 100 pfu, i.e. 10-fold MLD50). Mice were i.v. treated with 25 mg/kg VL-01 or solvent (mock) 2 h prior to virus infection. Serum samples for cytokine analysis were collected before and 12, 30, or 72 h after infection. All animal studies were approved by the Institutional Animal Care and Use Committee of Tuebingen.



Inhibition of Cytokine Release In Vivo in LPS Challenge Model

To investigate the effect of VL-01 on LPS induced cytokine response, mice were i.v. treated with 25 mg/kg VL-01 2 h prior to LPS treatment (Lipopolysaccharides from Escherichia coli 055:B5, Sigma, Germany, 20 µg/mice). Serum samples for cytokine analysis were collected before (−4 h) and 1.5 and 3 h after LPS treatment.



Cytokine Analysis

Cytokine analysis was performed using Bio-Plex Protein Arrays from BioRad (Bio-Rad Laboratories, Munich). Bio-Plex-Pro-Mouse Cytokine 6-Plex or 23-Plex were used for cytokine analysis after H5N1 infection or LPS challenge, respectively.




Results


Cytokine and Chemokine Storm Is a Hallmark of Acute Respiratory Viral Infections, Such as SARS-CoV-2, SARS-CoV, MERS-CoV, H5N1, and H1N1 (Spanish) Influenza A—Central Role of the NF-κB Pathway

The morbidity and mortality of highly pathogenic hCoV is still incompletely understood. Virus-induced cytopathic effects and viral evasion of the host immune response play a role in disease severity. However, clinical data from patients, in particular those with severe clinical manifestations indicate that highly dysregulated exuberant inflammatory and immune responses correlate with severity of disease and lethality (1, 5–7, 10–12). Significantly elevated cytokine and chemokine levels, i.e. cytokine storm, seem to play a central role in severity and lethality in SARS-CoV-2 infections, with elevated plasma levels of IL-1β, IL-7, IL-8, IL-9, IL-10, G-CSF, GM-CSF, IFNγ, IP-10, MCP-1, MIP-1α, MIP-1β, PDGF, TNFα, and VEGF in both ICU (Intensive care unit) patients and non-ICU patients. Significantly higher plasma levels of IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1α, and TNFα were found in patients with severe pneumonia developing ARDS and requiring ICU admission and oxygen therapy compared to non-ICU patients showing pneumonia without ADRS (1).

Immune profiling of COVID-19 patients revealed distinct immunotypes with therapeutic implications, i.e. immunotype 1 characterized by a robust CD4 T cell activation, proliferating effector CD8 T cells was connected to severe disease, immunotype 2 with more traditional effector CD8 T cell subsets, less CD4 T cell activation and memory B cells, showed intermediate clinical outcome, and immunotype 3 with only minimal lymphocyte activation response showed the least clinical symptomatic picture (13). In the same line, asymptomatic SARS-CoV-2 infected individuals exhibited lower levels of a panel of 18 cytokines / chemokines (14).

Detailed insight into the underlying cellular interactions demonstrated by single-cell RNA sequencing analysis showed that COVID-19 severity correlates with the cellular airway epithelium-immune cell interaction. Critical COVID-19 cases—compared to moderate cases—exhibited stronger interaction between epithelial and immune cells, indicated by ligand-receptor expression profiles. Besides expression of pro-inflammatory cytokines, such as IL-1β and TNF-α, the expression of chemokines CCL2, CCL3, CCL20, CXCL1, CXCL3, CXCL10, IL-8 was shown likely to contribute to clinical observation of excessive inflammatory tissue damage, lung injury, and respiratory failure (15).

Regarding the cell types affected, single cell transcriptome and phenotyping studies show that SARS-CoV-2-induced hyper-activation seems to affect a broad spectrum of cells ranging from epithelial cells of the respiratory tract (16–18), lining endothelial cells (6, 7), cells of the innate immune system, including macrophages and mast cells located in the submucosa of the respiratory tract (15, 19), and PBMC (including monocytes, dendritic cells, CD4- and CD8 T-cells) (13, 15, 20).

Notably, also for SARS-CoV and MERS-CoV infected patients, increased levels of pro-inflammatory cytokines in serum, including IL-1β, IL-6, IL-12, IFNγ, TNFα, IL-15, IL-17 and chemokines including CCL2 (MCP-1), CXCL10 (IP-10), CXCL9 (MIG), CCL-5, IL-8 were associated with pulmonary inflammation and extensive lung damage (21–23). Furthermore, both the nucleocapsid protein and the spike protein of SARS-CoV were shown to induce pro-inflammatory cytokines via activation of the NF-κB pathway (24, 25). Using comprehensive genomic analyses Smits et al. showed that aged macaques have a stronger host response to virus infection compared to young macaques, with an increase in differential expression of genes associated with inflammation, with NF-κB as central player, whereas expression of type I interferon was reduced indicating a possible negative-feedback cross-talk between the pro-inflammatory NF-κB pathway and IFN-induced antiviral pathways (26).

Interestingly, beside the three highly pathogenic hCoV, also H5N1 and certain H1N1 influenza virus infections with high lethality in humans, showed excessive alveolar immune inflammatory infiltrates and high levels of pro-inflammatory cytokines and chemokines including IP10/CXCL10, IL-6, IL-8, and RANTES in human cell lines, mice, and macaques (27–32) and in humans infected with swine-origin Influenza A virus H1N1 (33).

A differential time-kinetic dependent expression of cytokines and chemokines with acute response cytokines TNFα and IL-1β and chemokines IL-8 and MCP-1 in the early minutes to hours after infection, followed by a more sustained increase in IL-6 was demonstrated by microarray-based transcriptional changes in H5N1 and 1918 H1N1 in comparison to seasonal H1N1 virus infection, with transcriptional changes in the NF-kB pathway central in the cytokine storm (34).

Importantly, recent transcriptome analysis from post-mortem lung tissue of COVID-19 patients and cell culture models infected with COVID-19, Respiratory Syncytial virus and influenza virus identified commonly regulated gene-expression modules of key inflammatory processes for all three acute respiratory viral infections. Key examples were TNF, NF-κB, IL-1, and ALOX5 signaling pathways (17). Several recent reports have demonstrated the NF-κB pathway as the central signaling pathway for the SARS-CoV-2 infection-induced pro-inflammatory cytokine/chemokine response (16–18, 35–37). Huang et al. showed in a human in vitro model that simulates the initial apical infection of alveolar epithelium with SARS-CoV-2 a rapid transcriptomic change in infected cells, characterized by a shift to an inflammatory phenotype with upregulation of NF-κB signaling and NF-κB target genes by day 1 post-infection, followed by a loss of the mature alveolar program (16). Moreover, SARS-CoV-2 spike protein subunit 1 (CoV2-S1) was shown to induce high levels of NF-κB activations, production of pro-inflammatory cytokines and chemokines (IL-1β, TNFα, IL-6, CCL2), and mild epithelial damage in human bronchial epithelial cells. CoV2-S1-induced NF-κB activation required S1 interaction with human ACE2 receptor and early activation of endoplasmic reticulum (ER) stress, associated unfolded protein response (UPR), and MAP kinase signaling pathways. Notably, a higher activity in NF-κB activation of CoV-2-S1 compared to CoV-S1 was found, probably correlating with the higher binding affinity of CoV-2-S1 to ACE2 receptor (37). Sohn et al. showed that C-C motif (CC) chemokines [CC chemokine ligand (CCL) 2, CCL7, CCL8, CCL24, CCL20, CCL13, and CCL3], C-X-C motif (CXC) chemokines [CXC chemokine ligand (CXCL) 2 and CXCL10], and chemokine receptor subfamilies, as well as IL-1β and its downstream inflammatory signaling molecules (IL1R1, MYD88, IRAK1, TRAF6, NFKBIA, NFKB1, RELA) were dramatically elevated in peripheral blood mononuclear cells (PBMC) from COVID-19 patients compared to healthy controls. Moreover, the expression of the toll-like receptor TLR4 and its related/downstream signaling molecules (CD14, MYD88, IRAK1, TRAF6, TIRAP, TICAM) and most NF-κB signaling pathway genes (NFKBIA, NFKB1, RELA, NFKB2) were significantly upregulated, indicating that TLR4-mediated NF-κB signaling pathway activation is involved in the upregulation of inflammatory responses in patients with COVID-19 infection (38).

Taken together, these multiple reports point to a potential common pathophysiological mechanism of highly dysregulated exuberant inflammatory reactions in response to various acute respiratory RNA virus infections.



Inhibition of NF-κB Can Inhibit Both Virus-Induced and LPS-Induced Cytokine Storm

We have previously shown that elevated cytokine release of IL-α/β, IL-6, MIP-1β, RANTES, and TNF-α induced by highly pathogenic avian H5N1 influenza A virus was significantly reduced by application of the proteasome inhibitor VL-01 in vivo (39). The underlying mechanism of this inhibitory effect of proteasome inhibitors is supposed to be mediated largely by the inhibition of one of the most prominent cellular transcription pathways, NF-κB. The inhibition of the nuclear translocation of the transcription factor NF-κB by proteasome inhibitors has been described (40–42). This is mediated via the inhibition of the proteasomal degradation of the cytosolic inhibitor IκBα, this way keeping NF-κB sequestered by IκBα in the cytosol and thereby inhibiting the otherwise induced translocation of NF-κB to the nucleus where it would initiate the transcription of multiple pro-inflammatory proteins, such as cytokines, chemokines, adhesion molecules, and growth factors (see Figure 1). Activation of the NF-κB pathway has been described for very different signal-receptor bindings, including binding of LPS to Toll-like receptor TLR4, binding of cytokines like IL-1 and TNFα to their respective receptors, or recognition of RNA viruses by Toll-like receptors, TLR7/8 for single stranded RNA or TLR3 for double stranded RNA. TLR7/8 and TLR3 are inserted in membranes in such way that the RNA-recognition domains face towards the extracellular space or into the endosomal lumen (42, 43). For SARS-CoV-2 uptake into the endosomal compartment after binding to the ACE2 receptor (8) has been described and the activation of the endosomal TLR7/8 sensitive to single-stranded RNA is assumed (43). Furthermore, the activation of additional Toll-like receptors, such as TLR2, 3, and 4 has been postulated (44). The activation of TLR3 can be expected by double-stranded RNA intermediates generated during SARS-CoV-2 replication (43). Furthermore, also the activation of TLR4 (at the outer membrane) by SARS-CoV-2 has been indicated by a recent study (38). TLR4 also can be activated by LPD derived from bacterial co-infection or secondary bacterial infections, which have been found in up to 14% of SARS-CoV-2 infected patients (45). Furthermore, a recent study has demonstrated that SARS-Cov-2 spike protein subunit 1 induces high levels of NF-κB activation, production of pro-inflammatory cytokines in human bronchial epithelial cells via early activation of endoplasmatic reticulum (ER) stress, and associated unfolded protein response (UPR), and MAP kinase signaling pathways (37).




Figure 1 | NF-κB activation is central to the acute respiratory RNA virus-induced cytokine storm. Binding of SARS-CoV-2 to its receptor, i.e. the angiotensin-converting enzyme 2 (ACE2) and the help of the cellular serine protease TMPRSS2 trigger endocytosis into the host cell. Within the endosomes, RNA from single-stranded RNA virus is known to activate the Toll-like receptors TLR7 and TLR8. Double-stranded RNA intermediates generated during viral replication can be recognized by TLR3. TLR7/8 and/or TLR3 activation can lead to activation of transcription of the interferon-regulator factor (IRF) family and antiviral responses (green dotted lines). However, as a second major effect the activation of the TLRs can trigger—via various intermediates—the activation of IKK (IκB kinases) (gray dotted lines) resulting in phosphorylation of the cytoplasmic inhibitor factor IκBα triggering its ubiquitination followed by degradation by the 26S proteasome, thereby NF-κB (a heterodimer complex consisting of protein subunits p50 and p65) is released from IκBα and can now enter the nucleus and initiate transcription of various genes coding for pro-inflammatory proteins such as cytokines, chemokines, adhesion molecules, and growth factors. Importantly, this final sequence of NF-κB activation is shared with a multiple range of cytokine receptor- and Toll-like receptor mediated signal cascades, including binding of TNFα or IL-1 to their receptors or binding of LPS (e.g. from secondary bacterial infections) to TLR4. Furthermore, SARS-CoV-2 was reported to induce TLR4-mediated NF-κB activation as well as ER stress-induced NF-κB activation. Excessive NF-κB activation triggers the gene expression for a broad range of pro-inflammatory cytokines and chemokines, adhesion molecules, and acute phase proteins, resulting in inflammatory cell activation and infiltration, vascular leakage syndrome, finally leading to pulmonary edema and pneumonia. In contrast, interferon-response factor (IRF)-related antiviral responses are largely independent on NF-κB translocation. BTK inhibitors, Bruton Tyrosine Kinase inhibitors; PI, proteasome inhibitors; NSAIDs, nonsteroidal anti-inflammatory drugs; TNFα, tumor necrosis factor-alpha; IL-1, interleukin-1; MCP-1, macrophage chemotactic protein-1; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; IRF7, interferon regulatory factor-7; Type I IFN, interferon type I; Myd88, myeloid differentiation primary response 88 protein (adaptor molecule); NEMO, NF-κB essential modulator; IKK, IκB kinase; TRAF, TNF receptor-associated factor; RIP, receptor-interacting protein; TRADD, tumor necrosis factor receptor type-1 associated DEATH domain protein; IRAK4, interleukin-1 receptor-associated kinase 4; ER, endoplasmatic reticulum; LPS, lipopolysaccharide.



Importantly, all these different signaling pathways join into a common downstream signaling sequence characterized by phosphorylation of the cytosolic inhibitor IκBα which triggers its ubiquitination and proteasomal degradation resulting in release and translocation of NF-κB into the nucleus (42). This sequence of events in the signal transduction pathways suggests that interfering at these late stages (i.e. phosphorylation, ubiquitination, and/or proteasomal degradation of IκBα) of the pathway will inhibit NF-κB activation, irrespectively of the initial triggering signal (see Figure 1).

We could demonstrate the inhibitory effect of proteasome inhibitors on nuclear translocation NF-κB in various cell types such as human macrophages after stimulation with TNFα in vitro. Without stimulation of the NF-κB pathway, p65/p50 (p65 FITC stained) is sequestered in the cytosol by its inhibitor IκB. Following stimulation by TNFα, NF-κB translocates to the nucleus (shown by coinciding p65 staining and nucleus staining by DAPI). NF-κB nuclear translocation after TNFα stimulation was inhibited by application of the proteasome inhibitor VL-01 showing p65 staining in the cytosol and only few cells with p65 positive nucleus (Figure 2).




Figure 2 | Inhibition of TNFα induced nuclear translocation of NF-κB by the proteasome inhibitor VL-01. Human monocyte-derived macrophages were seeded on cover-slides, incubated overnight, and incubated in the presence or absence of the proteasome inhibitor VL-01 and stimulated with TNFα (2 ng/ml) for 30 min. Immunofluorescence staining of NF-κB was done using a FITC (green)-labeled p65 specific antibody (middle panel), and cell nuclei were counterstained with DAPI (blue, left panel) and evaluated by confocal microscope (Leica, LSM3). Staining of NF-κB (FITC) and nuclei (DAPI) superimposed are shown in the right panel.



The effect of VL-01 on the pro-inflammatory cytokine and chemokine response in vivo was demonstrated in a H5N1 influenza virus challenge mouse model. A strong cytokine and chemokine response was induced in Balb/c mice intranasally infected with avian H5N1 virus A/mallard/Bavaria/1/2006 (7 × 102 pfu, i.e. 10-fold MLD50). Mice were treated i.v. either with 25 mg/kg VL-01 or solvent (mock) 2 h prior to virus infection. Serum samples for cytokine analysis were collected at different time points after infection. While some cytokines/chemokines such as TNFα and MIP-1β peaked very early after H5N1 infection (12 h), others, i.e. IL-1α and RANTES peaked somewhat later (at 30 h), followed by KC (neutrophil-activating protein-3) and IL-6, reaching their peak at 72 h after infection (Figure 3). Treatment with proteasome inhibitor significantly inhibited the release of IL-1, IL-6, TNFα, MIP-1β (i.e. CCL4), and KC (i.e. CXCL1) at their peak time-points in Balb/c mice after infection with the highly pathogenic avian H5N1 influenza A virus (Figure 3). Importantly, proteasome inhibition significantly decreased the release for all, early and late cytokines and chemokines, and resulted in significantly increased survival of mice after infection with the highly pathogenic avian H5N1 influenza A virus (39).




Figure 3 | Inhibition of cytokine release in BALB/c mice infected with H5N1 by treatment with the proteasome inhibitor VL-01. Balb/c mice (n = 4) were intranasal infected with avian H5N1 virus A/mallard/Bavaria/1/2006 (7 × 102 pfu, i.e. 10-fold MLD50). Mice were i.v. treated with 25 mg/kg VL-01 or solvent (mock) 2 h prior to virus infection. Cytokine levels in blood were determined before (0 h) and 12, 30, or 72 h after infection using the Bio-Plex Pro Mouse Cytokine 6-Plex Panel (Biorad). *p < 0.05.



In order to investigate whether the inhibition of cytokine and chemokine release by inhibition of the nuclear translocation of NF-κB is a general mechanism, an acute lung injury (ALI) mouse model with LPS challenge was used. This model provides a rapid and strong systemic induction of pro-inflammatory cytokines and chemokines. Balb/c mice were treated i.v. with 25 mg/kg VL-01, followed by i.p. application of 20 µg LPS. Serum samples for cytokine analysis were collected before (−4 h) LPS treatment (control) and after LPS treatment (1.5 and 3 h). Again distinct release patterns were found for different cytokines/chemokines, with TNFα, IL-1β, MIP-1α (i.e. CCL3), and MIP-1β (i.e. CCL4) peaking already 1.5 h after LPS challenge, followed by MCP-1 (i.e. CCL2), Eotaxin, and G-CSF, further followed by cytokines with more delayed expression, such as IL-6, RANTES (i.e. CCL5), IL-12p40, and KC (i.e. CXCL1) peaking 3 h after LPS stimulus (Figure 4). In contrast, only a minimal or no increase was found for IL-4, IFNγ, and GM-CSF following LPS challenge. The panel of induced cytokines and chemokines in this acute lung injury model is rather similar to the panel of cytokines reported for COVID-19 patients, with cytokines/chemokines such as TNFα, IL-1, IL-6, IL-10, G-CSF, MIP-1α, MIP-1β , and MCP-1 correlating with critical stage in COVID-19 patients (1). Importantly, treatment of mice with proteasome inhibitor significantly reduced the release of the whole panel of the induced pro-inflammatory cytokines (Th1 profile) and chemokines. Taken together, these data generated in different models demonstrate the principal potency of proteasome inhibitors to interfere with the pro-inflammatory effects, by inhibiting the translocation of NF-κB to the nucleus.




Figure 4 | Inhibition of LPS-induced cytokine release in BALB/c mice by the proteasome inhibitor VL-01. Balb/c mice (n = 7) were injected i.v. with VL-01 (25 mg/kg, in 200 µl i.v.) 2 h prior LPS stimulation (20 µg/mouse, 200 ml i.p.). Cytokine levels were determined for the time points before (−4 h), and 1.5 or 3 h after LPS injection, using the Bio-Plex Pro Mouse Cytokine 23-Plex Panel (Biorad). *p < 0.05.



As a second line of evidence for the potential role of the NF-κB pathway in acute respiratory viral infection DeDiego et al. have demonstrated, that the inhibition of NF-κB-mediated inflammation in SARS-CoV infected mice significantly decreased the expression of pro-inflammatory cytokines including TNFα, IL-6, and chemokines including CCL2, CCL5, CXCL1, CXCL2, CXCL10, correlating with increased survival. In their study four different NF-κB inhibitors, with different mechanism of inhibition, i.e. CAPE, resveratrol, Bay11-7082, and parthenolide, were used. All four inhibitors were shown to inhibit NF-κB activity, and to decrease the expression levels of pro-inflammatory cytokines and chemokines, without affecting viral titers or cell viability (46).

Moreover, Acetylsalicylic acid (ASA) and other salicylates—in contrast to pure (COX) cyclooxygenase inhibitors, such as indomethacin—are well-known inhibitors of NF-κB activation by acting as specific inhibitors of IKK2 (i.e. IKKβ)—a kinase essential for phosphorylating IκB (47). Furthermore, D,L-lysine-acetylsalicylate glycine (LASAG) a water-soluble salt of ASA (licensed as Aspirin i.v.®) was shown to decrease activation of promoter constructs of NF-κB-dependent genes for IL-6 and IL-8 and to improve the time to alleviation of influenza symptoms in hospitalized patients in a phase II clinical trial (48). The well-known analgesic, antipyretic, anti-thrombotic, anti-inflammatory, and antiviral effects of ASA have led to initiation at least eight clinical studies investigating the effects of ASA in COVID-19 according to clinicaltrials.gov (49). A recently published study has demonstrated that indeed Aspirin use is associated with decreased mechanical ventilation, ICU admission, and In-hospital mortality in hospitalized COVID-19 patients (50).

Thirdly, the concept of a central role of NF-κB pathway in critical stage SARS-CoC-2 infected patients is supported by two recently published studies showing pronounced clinical effect in critical COVID-19 patients by Bruton tyrosine kinase (BTK) inhibitors, correlating with significantly decrease in inflammatory parameters (C-reactive protein and IL-6), normalized lymphopenia, and improved oxygenation (51, 52). Bruton tyrosine kinase is known to be involved in TLR7/8-induced TNFα transcription via NF-κB recruitment at the stage of phosphorylation of p65 (53).

Finally, support for the role of NF-κB pathway in critical stage COVID-19 patients is provided by recent results from the RECOVERY trial. Dexamethasone was found to significantly reduce death in patients with severe respiratory complications of COVID-19 requiring ventilation by up to one third (54). Dexamethasone—a broadly used glucocorticoid anti-inflammatory drug—is assumed to mediate its anti-inflammatory activity at least partially via downregulation of the NF-κB activity (55), probably by suppression of NF-κB expression (56) and/or increased expression of IκB in the cytoplasm (57).

All these data collectively strongly indicate that inhibition of the NF-κB signal pathway may be a promising target to control SARS-CoV-2 induced excessive immune activation associated with systemic cytokine and chemokine release, capillary leakage, and multi-organ tissue damage (Figure 1).




Discussion

Various studies as referenced in the present review have shown that highly stimulated epithelial-immune cell interactions leading to highly dysregulated exuberant inflammatory responses with significantly (topically and systemically) elevated cytokine and chemokine release, play a central role in severity and lethality in various acute respiratory viral infections, including Influenza A H5N1, highly pathogenic H1N1, SARS-CoV, MERS-CoV, and SARS-CoV-2.

Even the higher COVID-19 mortality rate observed in male compared to female patients (58) may correlate with sex differences in the immune responses between male and female, with higher plasma levels cytokines and chemokines including IL-6, IL-8, IL-18, CCL5 found in male patients. In contrast, female patients showed higher IFNα2 levels and a higher T cell activation compared to male patients (59, 60). The reason for these differences may be speculated to be associated with the location of responsive genes on the X chromosomes and accordingly different expression in female and male (61).

Furthermore, while initial reports indicated that children typically have mild or no COVID-19 symptoms and lower rates of hospitalization and death than adults, there is a accumulating number of reports on the occurrence of Multisystem inflammatory syndrome in children (MIS-C) as a newly described condition associated with SARS-CoV-2 exposure that is reminiscent of both Kawasaki disease and toxic shock syndrome (62, 63). A recent study on peripheral immunophenotypes in children with multisystem inflammatory syndrome associated with SARS-CoV-2 infection showed high levels of IL-1β, IL-6, IL-8, IL-10, IL-17, IFN-γ together with high CD64 expression on neutrophils and monocytes, and high HLA-DR expression on γδ and CD4+CCR7+ T cells in the acute phase of MIS-C indicating high immune activation and cytokine release syndrome (64). For treatment of MIS-C blocking of pro-inflammatory cytokines and the use of anti-inflammatory cytokines IL-37 and IL-38 has been suggested as a potential therapeutic tool (65).

A variety of immunomodulatory approaches has been proposed and are being tested to inhibit various cytokines prominently elevated during COVID-19 infection, including monoclonal antibodies against the IL-6 receptor (66–69) or IL-1 receptor antagonist (70, 71). Whereas some clinical efficacy in COVID-19 patients has been recorded also several notable caveats and limitations to the efficacy of single-cytokine targeting approaches have been seen and have led to the question which cytokine to target in a raging storm (72, 73).

The question which particular cytokine / chemokine to target has been shown to be most difficult due to the cascade nature of the induced cytokine storm. There is a considerable degree of redundancy (or overlapping activities) (74) between the (patho)physiological activities of different cytokines, such as TNFα, IL-1, and IL-6, or also between various chemokines. The second characteristics of the cytokine cascade are the triggering effects, inducing downstream the expression of many additional cytokines / chemokines together with positive autocrine and paracrine feedback loops as illustrated for TNFα and IL-1 in Figure 1. Recently, the amplifying positive feedback loop between IL-6 / STATs and NF-κB signaling has been highlighted with regard to COVID-19 associated mortality (75). Finally, a recent study has shown that the cocktail of the cytokines found most highly upregulated in the circulation of patients with COVID-19 and in PBMCs infected with SARS-CoV-2, i.e. IL-6, IL-18, IFN-γ, IL-15, TNF-α, IL-1α, IL-1β, and IL-2 robustly induced cell death the marrow-derived macrophages whereas none of the cytokines individually induced high levels of cell death at the concentration used. Similarly a synergistic effect was found when a cocktail of two cytokines, i.e. TNFα and IFNγ, was applied indicating highly synergistic effects between various cytokines on the target cell level (76).

These redundant, triggering, positive feedback-loops (amplifying), and synergistic effects make it utmost difficult to select the one crucial cytokine / chemokine within this cascade calling for a systemic approach for simultaneous inhibition of multiple cytokines, including also early expressed cytokines and chemokines.

As summarized in the present review, there is accumulating evidence from recently published studies that indicate the NF-κB signal transduction pathway as a common pathway centrally involved in the generation of the observed cascades of pro-inflammatory cytokines and chemokines in acute respiratory virus infection, including SARS-CoV-2-triggered COVID-19. Reaching beyond the possibilities of currently evaluated drugs for single targets of the cytokine cascade, the inhibition of NF-κB pathway—preferably in parallel at several sensitive points (Figure 1)—could provide the unique potential to inhibit the release of multiple cytokines simultaneously, in particular strongly pro-inflammatory cytokines including IL-1, IL-6, TNFα, and chemokines including MIP-1α, MIP-1β, MCP-1, as well as adhesion molecules that are increased during highly inflammatory processes during acute COVID-19 stages.

Multiple approved medications with implicated NF-κB activity involving NSAIDs (e.g. acetylsalicylic acid, Aspirin), BTK inhibitors (e.g. Ibrutinib, Acalabrutinib), steroids (e.g. Dexamethasone), are in wide-spread clinical use and have shown significant clinical efficacy, i.e. significant decrease in mortality was demonstrated (50–52, 54). Although impressive decrease in mortality has been observed, none of these treatments so far has resulted in complete prevention of mortality yet. This might be associated with a still not optimized dosage, start, and duration of treatment. On the other hand, from the sequence of transduction events during NF-kB pathway (see Figure 1) it seems plausible that highest effects might be achieved by targeting the latest common steps in NF-κB signal transduction pathway. In this respect inhibiting beside phosphorylation also the following steps of IκB inactivation, i.e. ubiquitination and/or proteasome degradation may provide additional treatment options. Several registered proteasome inhibitors (Bortezomib, Carfilzomib, or Ixazomib) are available for treatment of oncological indications (77). This class of substances is known to be powerful inhibitors of NF-κB pathway, with well-known side effect profile known from broad clinical application. In contrast to oncological indications where eight (or more) treatment cycles are routinely applied, it seems plausible that just few applications of proteasome inhibitors will be sufficient to downregulate the acute cytokine storm in COVID-19 patients, with a better side effect profile to be expected (77).

Importantly, in contrast to another recently suggested systemic approach for simultaneous inhibition of cytokines by JAK inhibitors (78), NF-κB inhibition will inhibit predominantly highly pro-inflammatory cytokines and chemokines, such as TNFα, IL-1, IL-6, MCP-1, MIP-1, which are expected to be primarily involved in exuberant systemic inflammatory responses (as proven at the cellular level for COVID-19 patients by the study of Chua et al. (15) rather than cytokines primarily involved in antiviral responsiveness, such as IFNγ (18, 20, 21, 26)—which is primarily dependent on other pathways, i.e. JAK/STAT.

Although there are still many open questions regarding e.g. which compound class—or which combination of—would be most effective, as well as the optimal timing to start treatment (72, 73), the potential to control the cytokine storm-induced severe lung failure and systemic organ failure by using already registered inhibitors of the centrally involved NF-κB pathway may be a real chance to get additional treatment options, hopefully decreasing the number of cases in need for artificial ventilation, multi-organ failure, and death.
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Type I interferon is widely used for antiviral therapy, yet has yielded disappointing results toward chronic HBV infection. Here we identify that PEG-IFNα-2b therapy toward persistent infection in humans is a double-edged sword of both immunostimulation and immunomodulation. Our studies of this randomised trial showed persistent PEG-IFNα-2b therapy induced large number of CD24+CD38hi B cells and launched a CD24+CD38hi B cells centered immunosuppressive response, including downregulating functions of T cells and NK cells. Patients with low induced CD24+CD38hi B cells have achieved an improved therapeutic effect. Specifically, using the anti-CD24 antibody to deplete CD24+CD38hi B cells without harming other B cell subsets suggest a promising strategy to improve the therapeutic effects. Our findings show that PEG-IFNα-2b therapy toward persistent infection constitutes an immunomodulation effect, and strategies to identifying the molecular basis for the antiviral versus immunomodulatory effects of PEG-IFNα-2b to selectively manipulate these opposing activities provide an opportunity to ameliorate anti-virus immunity and control viral infection.
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Introduction

Human hepatitis B virus (HBV) establishes persistent infection and thus constitutes a major health burden worldwide (1–4). More than 240 million people are chronically infected with HBV globally, and 780,000 people die each year from HBV-associated liver diseases (5). Peg-IFNα-2b, which mediates both immunomodulatory and direct antiviral effects, is currently widely utilized for the treatment of HBV (6, 7). Interferon-α (IFNα) signaling occurs upstream of hundreds of inflammatory genes and leads to a hyper-activated immune response. These responses include activation of the adaptive and innate immune systems, and increased production of antiviral proteins capable of suppressing viral replication and promoting viral clearance (3, 8–10). However, PEG-IFNα-2b yields disappointing therapeutic effects when used to treat chronic HBV infection. Actually, Hepatitis B e antigen (HBeAg)-positive CHB patients who received PEG-IFNα-2b, PEG-IFNα-2b plus lamivudine, or lamivudine alone demonstrated only a 32, 27, or 19% rate of HBeAg seroconversion, respectively (6). The explanation for these results remains unknown.

Recently, reports about persistent infections using lymphocytic choriomeningitis virus (LCMV) infection in mice revealed that Type I Interferon potentially initiates an immunosuppressive program that represses antiviral immunity and facilitates persistent infection. For example, in a model of persistent LCMV, the blockade of IFN-I signaling reduced immune system activation, decreased the levels of negative immune regulatory molecules, and promoted viral clearance and infection control (11, 12). Moreover, a rapid depletion of virus-specific B cells have been documented and this deletion can be completely reversed by blockade of Type I interferon (IFN-I) signaling, associated with suboptimal antibody responses (13–15). It would be very interesting to explore whether IFN-I induced the immunomodulatory effect also exist in virus infected human.

In HBeAg-negative chronic patients, the absolute number of HBV-specific CD8+ T cells was strikingly reduced on PEG-IFNα-2b therapy whereas numbers of CD56bright NK cell increased, showing differential boosting of innate and adaptive antiviral responses (4, 16).Also in HBeAg-negative chronic patients, PEG-IFNα-2b therapy showed a major impact on peripheral B cell subsets and a complete remodeling of the B cell compartment (17). In HBeAg-positive chronic patients, PEG-IFNα-2b has shown to induce a distinct and rapid up-regulation of IFN signaling pathway that coincided with the up-regulation of the frequency of proliferating NK and activated total CD8+ T cells in the first 14 days of IFN-α treatment (18). However, whether PEG-IFNα-2b therapy can induce an immunomodulatory program in chronic infected HBeAg-positive patients during the whole 48 weeks of PEG-IFNα-2b treatment has not yet been determined.

D24 is a small glycosyl phosphoinositol anchored protein that is able to provide costimulatory signals to T cells and the CD24-Siglec-G pathway has been identified to selectively suppresses the immune response to Danger-associated molecular patterns (DAMPs) (19). CD24 can be the dominant innate immune checkpoint and novel “Don’t Eat Me” signal that promotes ovarian cancer and breast cancer immune escape (20). CD24 has also been identified as a marker of regulatory B (Breg) cells. CD24+CD38hi Breg cells inhibit the differentiation of Th1 and Th17 cells, and suppress effector CD4+ and CD8+ T cells via the release of IL-10 (21–25). CD24 polymorphisms affect the risk and progression of chronic HBV infected patients. Targeted mutation of CD24 drastically reduced the size of spontaneous liver cancers in HBV transgenic mice (26). It has been reported the existence of IL-10-secreting CD24+CD38hi B cells in HBV patients (27); however, the dynamic change and the function of these CD24+CD38hi B cells during PEG-IFNα-2b therapy has not been uncovered.

To determine whether Peg-IFNα-2b therapy causes immunomodulatory effects, randomized clinical trial were conducted including 92 naive HBeAg-positive CHB patients. Patients were divided into two groups, one receiving Peg-IFNα-2b alone and one receiving Peg-IFNα-2b in combination with adefovir-dipivoxil, in order to simulate patients undergoing treatment with nucleoside analog (NUC). Samples were characterized at multiple time points through the whole 48 weeks of PEG-IFNα-2b therapy and also 24 weeks of follow-up. The data revealed a new mechanism in which Peg-IFNα-2b therapy during persistent infection in humans launches a CD24+CD38hi B -centered immunomodulatory program. This mechanism counteracts the antiviral ability of the immune system in patients with chronic HBV infection.



Materials and Methods


Ethics Statement

This multi-centered, randomized, open-label research study was conducted in accordance with the guidelines of China’s regulatory requirements, the Declaration of Helsinki and the Principles of Good Clinical Practice. This trial was approved by the local Ethics Board of the First Affiliated Hospital of Anhui Medical University with the clinical trial registration number ChiCTR-TRC-12002226 (http://www.chictr.org.cn/index.aspx). The detail about this Clinical Trial protocol has been showed in the Supplementary Materials. All patients involved were HBV patients who had not undergone prior antiviral or immunomodulatory treatment, and each provided written informed consent. Peripheral blood samples from healthy donors were obtained from the Blood Center of Anhui Province. Ethical approval was obtained from the Ethics Committee of the University of Science and Technology of China.



Patients and Human Samples

The included patients had been positive for HBeAg and hepatitis B surface antigen (HBsAg) for longer than 6 months and had elevated serum alanine transaminase (ALT) (>2 × ULN and <10 × ULN) and detectable baseline serum HBV DNA (>2 × 104 IU/mL) on at least two occasions. Those who had liver cirrhosis, antibodies against HCV, hepatitis D virus, or HIV, or other acquired or inherited causes of liver disease were excluded. The patients were randomly assigned into one of two groups to receive Peg-IFNα-2b (1.5 µg/kg/week, PegIntron, Schering-Plough, Kenilworth, NJ, USA) alone or in combination with adefovir-dipivoxil (ADV) (10 mg/day, Hepsera, Gilead Sciences, Foster City, CA, USA) for 48 weeks with 24 weeks of follow-up (Table S1). An HBeAg seroconversion was defined as a patient with HBeAg loss (COI < 1.0) and seroconversion to anti-HBeAg at week 72 (Table S2). According to the European Association for the Study of the Liver guidelines (28), sustained response patients consisted of 17 responders in these 92 patients defined as persistently undetectable HBeAg and a result of HBV DNA <2,000 IU/ml, with the development of antibodies to HBeAg (anti-HBe) (29). Out of 100 HBeAg positive patients, 92 were completed the final PEG-IFNα-2b treatment (Figure 1). NUC-alone patients are also patients had been positive for HBeAg and hepatitis B surface antigen (HBsAg) for longer than 6 months but voluntarily choose to use NUC medicines but not PEG-IFNα-2b therapy. The samples of NUC-alone patients were collected at 6 months or 9 months after the NUC therapy.




Figure 1 | Patients through the trial. One hundred patients that had been positive for HBeAg and hepatitis B surface antigen (HBsAg) for longer than 6 months and had elevated serum alanine transaminase (ALT) (>2 × ULN and <10 × ULN) and detectable baseline serum HBV DNA (>2 × 104 IU/ml) on at least two occasions have been involved into this clinical trial. Out of 100 HBeAg positive patients, 92 were completed the final Peg-IFNα-2b treatment. Randomized clinical trial were conducted including these 92 naive HBeAg-positive CHB patients. Patients were divided into two groups, one receiving Peg-IFNα-2b alone and one receiving Peg-IFNα-2b in combination with adefovir-dipivoxil in order to simulate patients undergoing treatment with nucleoside analog (NUC).



Other detailed materials and methods are available in the Supplementary Material.




Results


CD24+CD38hi B Cells Are Induced Significantly During Peg-IFNα-2b Therapy

Similar to previous studies (6), 30.4% of HBV patients in our study underwent HBeAg seroconversion. There was no significant difference (p = 0·501) between Group 1, the Peg-IFNα-2b group (26.7%), and Group 2, the Peg-IFNα-2b + adefovir-dipivoxil group (34.0%) (Figure 1 and Tables S1 and S2). No significant change of the total CD3-CD19+B cells during PEG-IFNα-2b therapy (Figure 2B). To investigate whether Peg-IFNα-2b therapy induced immunomodulatory effects, analysis of a variation among B cell subsets in HBV patients in vivo including CD24+CD38hi B cells and CD27+CD38hi B cells were done in the whole Peg-IFNα-2b therapy. These studies showed that the percentage and cell number of CD24+CD38hi B cells increased rapidly after Peg-IFNα-2b was administered, remained stable at high levels during therapy, and decreased when Peg-IFNα-2b therapy was discontinued at week 48 (Figures 2A, C, D). Furthermore, CD24+CD38hi B cells increased in patients from both Groups 1 and 2 (Figures S1A, B). To further exclude the changes of CD24+CD38hi B cells is for the reason that CHB patients have hepatic flares time to time, negative control groups with no-treatment and NUC-alone therapy were also measured. Both negative control groups showed a low percentage of CD24+CD38hi B cells (Figures S1C, D). On the other hand, previous researches showed that a rapid depletion of antibody-producing mature B cells correlated with IFNα signaling (13–15). In persistent HBV patients, there were no significant changes in the CD27+CD38hi subset during Peg-IFNα-2b therapy, suggesting plasma B cells are always at low levels during Peg-IFNα-2b therapy (Figures 2A, C, D). Thus, persistent HBV patients have increased CD24+CD38hi B cells during Peg-IFNα therapy.




Figure 2 | CD24+CD38hi B cells increase significantly in HBV patients during Peg-IFNα-2b therapy. Naive HBeAg-positive CHB patients were divided into two groups, one receiving Peg-IFNα-2b alone and one receiving Peg-IFNα-2b in combination with adefovir-dipivoxil, in order to simulate patients undergoing treatment with NUCs. Data were quantified from blood samples during routine visits to hepatitis clinics (weeks 0, 4, 12, 24, 36, and 48) and during follow-up (weeks 60 and 72). (A) Representative density plots showing CD24 and CD38 expression as well as CD27 and CD38 expression on gated CD19+B cells at each time point during Peg-IFNα-2b therapy. (B) Percentage analysis of CD19+B cells from HBV patients at 0-72w during Peg-IFNα-2b therapy. n = 75–90. Unpaired t test. (C) Percentage analysis of CD24+CD38hi B cells and CD27+CD38hi B cells from HBV patients at 0-72 week during PEG-IFNα-2b therapy. n = 47. Unpaired t test. (D) Cell numbers of CD24+CD38hiB cells and CD27+CD38hi B cells from HBV patients at 0-72w during PEG-IFNα-2b therapy. n = 47. Unpaired t test. Significant differences are shown in (C, D) indicating differences compared with the data at 0w. Mean ± SEM, **P < 0·01, ***P < 0·005, ****P < 0·0001.





Peg-IFNα-2b Induced CD24+CD38hi B Cells Secret IL-10

Pro-inflammatory cytokines such as IFNα plays a pivotal role in B cell differentiation (25, 30–32). Thus, to determine whether Peg-IFNα-2b therapy increases the CD24+CD38hi B cell population, Peripheral Blood Mononuclear Cells (PBMCs) from healthy donors and HBV patients were first cultured respectively through Peg-IFNα-2b stimulation (100 ng/ml) in vitro, which concentration was referred from previous researches (33). The percentage of CD24+CD38hi B cells was significantly upregulated in both healthy donors and HBV patients when cells were cultured with Peg-IFNα-2b, indicating that IFNα stimulation induces the CD24+CD38hi B cell population (Figures 3A, B). Interestingly, the frequency of CD24+CD38hi B cells in PEG-IFNα-2b -treated HBV patient group were higher than those in PEG-IFNα-2b -treated healthy donor group, which is probably due to PBMC cells from HBV patient group were previously stimulated by Peg-IFNα-2b in vivo. To exclude the possibility that PEG-IFNα-2b treatment had a variable impact of the viability of diverse B cell subsets, and therefore may modulate the frequency of B cell subsets, the impact of PEG-IFNα-2b on survival of different B cell subsets was measured. The number of CD24+CD38hi B cells from healthy controls was significantly increased. CD24+CD38hi B subset from HBV patients were also the most variable subset compared with the other two subsets (Figure S2).




Figure 3 | CD24+CD38hi B cells are induced under Peg-IFNα-2b and produce plenty of IL-10. (A, B) PBMCs from HBV patients and healthy controls were cultured in complete RPMI medium 1640 with or without human Peg-IFNα-2b (100 ng/ml) for 36h. Representative density plots (A) and percentage analysis (B) showing CD24 and CD38 expression on gated B cells from HBV patients and healthy controls. n = 15 (healthy controls) and 9 (HBV patients). Paired t test. (C) ELISA analysis of IL-10 secretion in cell-free supernatants of cultured PBMCs from HBV patients before or during Peg-IFNα-2b therapy and healthy controls with or without re-stimulation by Peg-IFNα-2b (25 ng/ml) during a 32-h culture. PBMC from HBV patients were collected before PEG-IFNα-2b therapy or at 12-36 weeks after the start of Peg-IFNα-2b therapy. (D) Representative density plots and (E) percentage analysis of IL-10 expression on gated CD24+CD38hi B cells and CD24-CD38low mature B cells from HBV patients and healthy controls. These B cells were from freshly isolated PBMC in HBV patients and healthy controls. After 4 h of stimulation with PMA and ionomycin in the presence of monensin, intracellular flow cytometry staining was done and gated as CD19+CD3- cells. n = 15 (healthy controls) and 9 (HBV patients). Paired t-tests were used for the analysis in subsets from the same patient. Data are presented as Mean ± SEM, **P < 0·01, ***P < 0·005, ****P < 0·0001. (F) Flow cytometry analysis of Ki67 expression on the CD24+CD38high B cells from PBMC of HBV patients without (blue) or with (red) PEG-IFNα-2b therapy for 12-24 weeks. (G) Statistics calculated by the MFI of Ki67 from PBMC of HBV patients without (blue, n = 12) or with (red, n = 10) PEG-IFNα-2b therapy for 12-24 weeks. Unpaired t test. **P < 0.01; ***P < 0.001; ****P < 0.0001. Data are presented as mean ± SD. (H) Flow cytometry analysis of Annexin V expression on the CD24+CD38high B cells from PBMC of HBV patients without (blue) or with (red) PEG-IFNα-2b therapy for 12–24 weeks. (I) Statistics calculated by the percentage of Annexin V+ Breg cells from PBMC of HBV patients without (blue, n = 12) or with (red, n = 10) PEG-IFNα-2b therapy for 12–24 weeks. Unpaired t test. **P < 0.01; ***P < 0.001; ****P < 0.0001. Data are presented as mean ± SD.



It has been reported the existence of IL-10-secreting B cells in HBV patients (27), however whether these IL-10-secreting B cells induced during PEG-IFNα-2b therapy has not been uncovered. PBMC were collected from HBV patients at 0 weeks or 12–36 weeks after the start of Peg-IFNα-2b therapy and cultured without Peg-IFNα-2b for 32 h. PBMCs collected from healthy donors were cultured with or without Peg-IFNα-2b (25 ng/ml) for 32 h. Much higher levels of IL-10 in PBMC cell supernatants from HBV patients during Peg-IFNα-2b therapy have been identified compared to the other groups (Figure 3C). To verify whether there are also other cells in the co-culture might produce IL-10, we have tested PBMC from HBV patients during Peg-IFNa therapy, Compared to non-B cells lymphocytes, including T cells, NK cells, B cells are the main source of IL-10 secreting (Figure S3). To uncover which subset is the main source of IL-10 in HBV patient during Peg-IFNα-2b therapy, B cells from freshly isolated PBMC of HBV patients and also healthy controls were analyzed. Data revealed that a higher percentage of CD24+CD38hi B cells secreting IL-10 compared with other B cell subsets, suggesting the potential of these CD24+CD38hi B cells to become IL-10-producing CD24+CD38hi Breg cells (Figures 3D, E). To analyze whether PEG-IFNα-2b could induce expansion of these HBV-driven Bregs or prevent their death, we isolated PBMC from CHB patients with PEG-IFNα-2b treatment during 12–24 weeks, and CHB patients without PEG-IFNα-2b treatment. We tested the level of Ki67 expression and the percentage of apoptotic cells in Breg cells. The results showed that PEG-IFNα-2b might induce expansion of these HBV-driven Bregs (Figures 3F–I).

To identify whether these Breg cells however release other immunosuppressive cytokines such as IL-4, IL-4 expressions analysis have been done in HBV patient during PEG-IFNα-2b therapy. Our data showed that B cells from these HBV patients did not secret IL-4. In some patients, IL-4 has been identified to secrete from non-B cells but not B cells (Figure S4). Increase numbers of immature B cells might be a compensatory mechanism with accelerated emigration from BM or spleen. To demonstrate whether increase numbers of immature B cells is a compensatory mechanism with accelerated emigration from BM or spleen, we tested the circulating levels of BAFF, CXCL12, and CXCL13 of HBV patients at 12–36 weeks after the start of PEG-IFNα-2b therapy by ELISA. It seems CXCL12 has a positive correlation with Breg cells (Figure S5).



Patients With Fewer CD24+CD38hi B Cells Exhibit Improved Therapeutic Effects

As CD24+CD38hi B cells increased dramatically during Peg-IFNα-2b therapy, we further investigated whether these CD24+CD38hi B cells are relevant for clinical outcomes. CD24+CD38hi B cells are found at low frequencies (<5% of B cells) in normal healthy human controls (34). Depending on whether the percentage of CD24+CD38hi B cells in HBV patients at 72 weeks after the start of PEG-IFNα-2b therapy are higher than that in the normal healthy controls or not, patients were classified into the more CD24+CD38hi B cell group (CD24+CD38hi B cells ≥ 5% of B cells) or the fewer CD24+CD38hi B cell group (CD24+CD38hi B cell <5% of B cells). These groups were then analyzed for the clinical outcomes of PEG-IFNα-2b therapy. Among all the 81 patients that have tested both CD24+CD38hi B cells phenotype and HBV related serum analysis, 44.68% percent of patients in the fewer CD24+CD38hi B cell group underwent HBV seroconversion (HBeAg < 1.0 COI) compared with only 17.6% HBV seroconversion in the more CD24+CD38hi B cell group (Figures 4A, B). Furthermore, we compared HBsAg, HBV DNA and ALT between patients in fewer CD24+CD38hi B cell group and more CD24+CD38hi B cell group, and the results indicated that patients in fewer CD24+CD38hi B cell group may have higher probability to obtain satisfactory therapy results (Figures 4C–H). No significant differences between patients from fewer CD24+CD38hi B cell group and more CD24+CD38hi B cell group in HBeAg, HBsAg, HBV DNA, and ALT before Peg-IFNα-2b therapy (Figure S6). Thus, our data revealed that CD24+CD38hi B cells have negative correlation with the therapeutic effects.




Figure 4 | Patients with fewer CD24+CD38hi B cells have an improved therapeutic effect. (A) Analysis between the percentage of CD24+CD38hi B cells in patients at 72 week and HBeAg expression at 72 weeks after the start of Peg-IFNα therapy. n = 81. (B) Percentage analysis of SRs among patients with fewer CD24+CD38hi B cells (<5%) group and more CD24+CD38hi B cells (≥5%) group. SR (seroconversion responder) was defined as the HBeAg seroconversion (COI < 1.0) at 72 weeks after the start of PEG-IFNα-2b therapy. (C, E, G) Analysis between the percentage of CD24+CD38hi B cells in patients at 72 week and HBsAg, HBVDNA and ALT expression at 72 weeks after the start of Peg-IFNα-2b therapy. n = 81. (D, F, H) Percentage analysis of patients with lower expression of HBsAg, HBVDNA and ALT expression at 72 weeks after the start of Peg-IFNα-2b therapy in fewer CD24+CD38hi B cells (<5%) group and more CD24+CD38hi B cells (≥5%) group. n = 81. Each circle in the Figure represents the data from a patient. The number marked on each color lump represent the sum number of patients.





CD24+CD38hi B Cell-Centered Immunosuppressive Response by Inhibiting Anti-Virus Response

Our previous study has showed that increased NKp30 expression and degranulation on NK cells correlated with clinical outcomes during Peg-IFN-α-2b therapy (29). However, the number of NKp30+NK cell increased for the first 6 month but decreased for the rest of the therapy. Given the close association between CD24+CD38hi B cells and clinical outcomes, the effects of CD24+CD38hi B cells on immune cells function was further examined. To indicate whether the CD24+CD38hi B cells have an inhibitory effect toward T cells and NK cells, high purity of PBMC with or without CD24+CD38hiB cells from HBV patients were sorted and re-stimulated with 50 μg/ml of HBsAg for 72 h. Cytokines were measured by intracellular staining. It has been shown that IFNγ, TNFα and CD107a positive T cells were significantly increased in CD24+CD38hiB cells depleted group (Figures 5A, B, D), suggesting CD24+CD38hi B cells impaired anti-virus effect in T cells. It is interesting that IFNγ+NK cells, IFNγ+CD107a+NK cells were also significantly increased in CD24+CD38hiB cells depleted group compared with non-depleted group under the same culture condition (Figures 5A, C, E). These data showed that these CD24+CD38hi B cells inhibit the anti-virus immune functions of T cells and NK cells. To further investigate the effect of the CD24+CD38hi B cells on plasma cell function, antibody secretion were investigated from HBV PBMC stimulated by HBV specific antigens with or without CD24+CD38hiB cells. These data showed that after depleted CD24+CD38hi B cells, HBV PBMC have higher IgG secretion (Figure 5F). To verify whether an increased IgG production has correlation with the percentage of CD24+CD38hiB cells, the correlation between CD24+CD38hiB cells and IgG increasing rate after CD24+CD38hiB cells have been analyzed. The IgG increase ratio (IgG in PBMC after CD24+CD38hiB cells depletion/IgG in PBMC before CD24+CD38hiB cells depletion) is positive correlated with the ratio between CD24+CD38hiB cells and whole PBMC from HBV patients (CD24+CD38hiB cells number/PBMC cell number) (Figure 5G). These data show that the CD24+CD38hi B cells have an inhibitory effect toward T cells, NK cells and also IgG secretion.




Figure 5 | CD24+ CD38hi B cells inhibit the anti-virus functions of T cells and NK cells. PBMCs from HBV patients at 12-36 weeks after the start of PEG-IFNα-2b therapy were cultured in 24-well ﬂat-bottom plates at a density of 1–2 × 106 cells per well in a complete RPMI medium 1640 with 10% fetal bovine serum plus streptomycin and penicillin as well as IL-2 (100 U/ml). PBMC from peripheral blood mononuclear cells of CHB patients with or without CD19+CD24+CD38hi B cells were sorted and the purity of depleting CD19+CD24+CD38hi B cells was determined to be >95% by post-purification FACS analysis. PBMC with or without CD19+CD24+CD38hi B cells were re-stimulated with 50 μg/ml of HBsAg (HyTest, 8HS7ay) for 72 h and cytokines were measured by intracellular staining. (A) The gating strategy for analyzing T- and NK cells. (B) Representative density plots of IFNγ, TNFα and CD107a expression on gated CD3+T cells or CD56+ CD3-NK cells from HBV patients with or without CD24+ CD38hiB cells. (C, D) Percentage analysis of IFNγ, TNFα and CD107a expression on gated CD3+T cells or CD56+NK cells from HBV patients with or without CD24+ CD38hiB cells (Breg). n = 8 in each group. Paired t-tests. (E, F) Percentage analysis of IFNγ +CD107a+, TNFα+CD107a+ cells in gated CD3+T cells or CD56+CD3-NK cells from HBV patients with or without CD24+ CD38hiB cells (Breg). Paired t test. (G) Analysis of IgG secretion from HBV patients with or without CD24+CD38hiB cells. Paired t test. PBMC with or without CD19+CD24+CD38hi B cells (Breg) were re-stimulated with 50 μg/ml of HBsAg for 72 h and cell-free supernatants of cultured PBMCs in each group were measured IgG by ELISA. (H) The IgG increase ratio (IgG level in PBMC after Breg depletion/IgG level in PBMC before Breg depletion) is positive correlated with the ratio between Breg cells and whole PBMC from HBV patients (Breg cell number/PBMC cell number×100). n = 9. Mean ± SEM, *p < 0·05, **P < 0·01, ***P < 0·005.



Defective monocyte-derived DC cells constitute a potential reason for the poor therapeutic efficacy of PEG-IFNα-2b (35). As CD64 has been identified to possess the capability to separate conventional DC cells from monocyte-derived DC cells (36), CD64+CD11c+ monocyte-derived DC cells on HBV patients were tested during PEG-IFNα-2b therapy. CD64+CD11c+DC cells were significantly decreased and remained at a very low level during PEG-IFNα-2b therapy, and increased after the PEG-IFNα-2b therapy stopped (Figures 6A, B). Combined with the dynamic changes of CD24+CD38hi B cells, the changes of CD64+ Mo-derived DC cells were negatively related to the changes of CD24+ CD38hiB cells during PEG-IFNα-2b therapy (Figure 6C). To confirm whether Breg cells have suppression capability of mo-DCs cells, Mo-DC cells were sorted from HBV patients as CD19-CD3-CD11c+HLA-DR+cells and co-cultured with or without sorted Breg cells at 1:1 cell ratio. After cultured 24 h, the important markers CD86 and CD80 were tested. These data showed that Breg can decrease the expression of CD80 and CD86 expression on mo-DC cells and this effected can be blocked by anti-IL-10 antibody (Figures 6D, E). To further identify whether the regulatory function of Breg cells toward mo-DC is cell-contact dependent or not, we did the transwell experiment to physically block cell-cell contact between mo-DC and Breg cell. The results showed that breg cells still can re-modulate mo-DC phenotype showing that this regulation is not cell-contact dependent but triggered by the immunosuppressive cytokines (Figures 6F, G). Thus, CD24+CD38hi B cells inhibit the functions of anti-virus immune system and result in immune suppression during Peg-IFNα therapy, which confirms that the immunomodulatory effects of PEG-IFNα-2b exist in human.




Figure 6 | CD24+ CD38hi B cells are negatively correlated with monocyte-derived DC cells. (A) Representative density plots of the gating strategy used for CD64+DC cells. (B) Representative density plots of CD11c and CD64 expressions on gated DC cells from HBV patients at each time point during PEG-IFNα-2b therapy. (C) Percentages analysis showing that CD24+CD38hi B cells are negatively correlated with CD64+DC cells. n = 47. Mean ± SEM. (D–G) Mo-DCs were cultured in 48-well ﬂat-bottom plates at a density of 0.5-1.0 × 105 cells per well in a complete RPMI medium 1640 (Gibco, Grand Island, NY, U.S.A.) with 10% fetal bovine serum (HyClone, Logan, UT, U.S.A.) plus streptomycin and penicillin. Equal number of Breg cells were then added to the culture wells, with or without 3 μg/ml of anti-IL-10 (biolegend; #501427) for 24 h. (D, E) Left: mo-DCs were co-cultured with Breg cells (blue) or with Breg cells and 3 μg/ml of anti-IL-10 (red), stained with CD86 (D) or CD80 (E), and analyzed by flow cytometry. Right: The relative mean fluorescence intensity (RMFI) of n = 8 patients are shown. ((F, G) Left: mo-DCs were co-cultured with Breg cells (blue) in transwell system, stained with CD86 (C) or CD80 (D), and analyzed by flow cytometry. Right: The relative mean fluorescence intensity (RMFI) of n = 7 patients are shown. Data were analyzed by two-way ANOVA (D, E), or two-tailed paired Student’s t-test (F, G). Data are presented as mean ± SD.





CD24 Is a Suitable Marker to Target CD24+CD38hi B Cells

Given that CD24+CD38hi B cells are significantly induced during PEG-IFNα-2b therapy, the strategies to selectively manipulate this opposing activity would be prospected to restore immune responses and improved persistent virus therapy. Anti-CD19 and anti-CD20 antibodies have previously been used to deplete B cells (37, 38). However, such treatments deplete all B cells, including CD27+CD38hi precursors of plasma B cells and CD24- mature B cells, which may be beneficial to the immune response. It is important to identify a target marker that is specifically expressed on CD24+CD38hi B cells but not on other B cell subsets and effector cells. We analyzed blood from HBV patients at 12 weeks after the start of Peg-IFNα-2b therapy when CD24+CD38hi B cells increased to very high levels. The CD24 surface marker was expressed primarily on CD19+ B cells but not on other effector immune cells, including T cells and NK cells, making CD24 a suitable target for CD24+CD38hi B cell depletion (Figures 7A, B). As approximately 95% of CD24+ lymphocytes were B cells (Figures 7B), the first thing we do is to sorting CD24+ B cells from the lymphocytes of HBV patients using the anti-CD24 antibody to identify whether we could deplete CD24+CD38hi B subsets using anti-CD24 antibody. After depleting CD24+CD38hi B subsets using anti-CD24 antibody, the percentage of CD24+CD38hi B cells decreased whereas other B cell subsets were maintained (Figure 7C). To determine whether the anti-CD24 antibody depleted CD24+ cells through complement dependent cytotoxicity and to simulate the situation in vivo, PBMCs from HBV patients were cultured with guinea pig serum with or without the anti-CD24 antibody. PBMCs co-cultured with the anti-CD24 antibody and the guinea pig serum showed significantly decreased percentages of CD24+CD38hi B cells compared with the guinea pig serum control group and the medium-only control group (Figures 7D, E). These results indicated the feasibility of using the anti-CD24 antibody to deplete CD24+CD38hi B cells without harming other B cell subsets, suggesting a promising strategy to improve the therapeutic effects of Peg-IFNα-2b during HBV persistence.




Figure 7 | CD24 is a suitable target for CD24+CD38hi B cell depletion. (A) Gating strategy and representative density plots of CD19 and CD24 expression on gated lymphocytes from HBV patients at 12 weeks (12w) after the initiation of PEG-IFNα-2b therapy. After gating on CD24+ lymphocytes, nearly 95% of cells were CD19+CD3- B cells. (B) Percentage analysis of gated CD24+ cells belonged to CD19+ B, CD3+ T cell, and CD19-CD3- other cell populations. n = 20. Paired two-tailed t-tests. (C) Representative density plots showing CD24 and CD38 expression on gated lymphocytes from HBV patients before and after CD24+ cells were sorted. CD24+ cells were sorted using an anti-CD24 antibody (BD Bioscience) and anti-FITC-MicroBeads (MiltenyiBiotec). (D, E) Representative density plots and percentage analysis of CD24 and CD38 expression in each group. PBMCs from HBV patients were cultured at a density of 1 × 106 cells per 1 ml with 10 µg of anti-human CD24 antibody and 500 µl of guinea pig serum, with 500 µl of guinea pig serum only, or with 500 µl of complete RPMI medium 1640 (control) for 30min. n = 5. Paired two-tailed t-tests Mean ± SEM, *p < 0·05, **P < 0·01, ****P < 0·0001.






Discussion

PEG-IFNα-2b has been widely applied in many diseases yet yields disappointing therapeutic effects in treating chronic HBV infection. In this report, we have identified that PEG-IFNα-2b therapy may also induce an immunomodulatory effect in chronic HBV patients through dramatically upregulating the CD24+CD38hi B cells, which drive an immunosuppressive program and reduce anti-virus therapeutic effects. The extent to which CD24+CD38hi B cells were retained in a given patient was negatively correlated with therapeutic effects. In this context, CD24 was found to be a suitable marker to target CD24+CD38hi B cells. Given that Type I IFNs exert diverse effects on innate and adaptive immune cells and have been widely employed to treat infection with viruses, bacteria, fungi, parasites and tumors (2, 8), the findings presented here are relevant not only for understanding HBV but also in ascertaining the role of immunomodulatory effect induced by the widely used PEG-IFNα-2b therapy.

Although early antiviral effects of IFN-α are critical, the potential immunomodulatory roles of IFNs later in chronic infection could explain paradoxical clinical observations using IFN-α based treatments. For example, IFN-α warrants the survival of the host in the acute phase of infection (39), while persistent IFN-α-induced inflammation may also paradoxically promote microbial evasion during chronic infection (11, 12). IFNα has been reported to lead to the production of immunosuppressive molecules in models of Simian Immunodeficiency Virus (SIV) (39) and LCMV infection (11, 12). In addition, IFNα reduces the responsiveness of macrophages to activation by IFNγ during Listeria monocytogenes and Mycobacterium tuberculosis infections (40–42). Data presented here confirms the effect of Peg-IFNα therapy to induce immunosuppressive CD24+CD38hi B cells in chronic infection. Interestingly, both the percentage and number of CD24+CD38hi B cells were at high level at 12–24 weeks after the beginning of Peg-IFNα therapy and then decline. This decline of CD24+CD38hi B cells may because long-term high concentrations of IFN-α overexposure. Type I IFN therapy in chronic HCV patients may result in lupus-like symptoms (43). In lupus patients, hyperactivated pDCs fail to induce Breg cells (30). It is possible that the chronic high concentrations of type I IFN is potential to induce autoimmune-like disease rather than generates CD24+CD38hi Breg cell at the late stage of the therapy. The specific mechanism of the Breg decline after long-term stimulation of IFNα is still unknown. It is also important to identify the molecular basis for the antiviral versus immunomodulatory effects of IFN-α to selectively manipulate these opposing activities.

Previous reports have showed CD24 is a potential oncogene and overexpressed in a large variety of human malignancies (44). Many efforts have been done for early intervention about CD24 target in the prevention and treatment of cancer, such as colorectal cancer, pancreatic cancer (45), ovarian cancer (46) and bladder cancer (47). It seems promising that the therapeutic potential of CD24 blockade with monoclonal antibodies, which may promote the phagocytic clearance of CD24+ cancer cells both in vitro and in vivo (20). In this study, CD24+CD38hi B cells was observed along with subsequent negative correlation with monocyte-derived DC cells, NK cells, and T cells functions in HBV patients (Figures 5 and 6). It was potential that depleting CD24+B cells using an anti-CD24 antibody would improve Peg-IFNα therapy against the virus in vivo. Nevertheless, more evidences about anti-CD24 antibody based on clinical studies are urgently needed.

In conclusion, Peg-IFNα-2b therapy is the most effective HBV therapy and yet is only capable of inducing an HBeAg seroconversion rate of approximately 30%. The study presented here uncovers the mechanism by which a CD24+CD38hi B-centered immunomodulatory response is induced by persistent Peg-IFNα-2b therapy. In addition, we demonstrate possible effective strategies to interrupt the immunosuppressive state using an anti-CD24 antibody. Other approaches which selectively manipulate these opposing activities between immune-activation and immunomodulation may also be possible to increase the anti-viruses immune response.
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Infection with the human immunodeficiency virus (HIV) is characterized by progressive depletion of CD4+ lymphocytes cells as a result of chronic immune activation. Next to the decreases in the number of CD4+ cells which leads to opportunistic infections, HIV-related immune activation is associated with several prevalent comorbidities in the HIV-positive population such as cardiovascular and bone disease. Traditionally, combination antiretroviral therapy (cART) consists of three drugs with activity against HIV and is highly effective in diminishing the degree of immune activation. Over the years, questions were raised whether virological suppression could also be achieved with fewer antiretroviral drugs, i.e., dual- or even monotherapy. This is an intriguing question considering the fact that antiretroviral drugs should be used lifelong and their use could also induce cardiovascular and bone disease. Therefore, the equilibrium between drug-induced toxicity and immune activation related comorbidity is delicate. Recently, two large clinical trials evaluating two-drug cART showed non-inferiority with respect to virological outcomes when compared to triple-drug regimens. This led to adoption of dual antiretroviral therapy in current HIV treatment guidelines. However, it is largely unknown whether dual therapy is also able to suppress immune activation to the same degree as triple therapy. This poses a risk for an imbalance in the delicate equilibrium. This mini review gives an overview of the current available evidence concerning immune activation in the setting of cART with less than three antiretroviral drugs.
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INTRODUCTION

In 1983, a group of French virologists identified a T-lymphotropic retrovirus—now called the human immunodeficiency virus (HIV)—as causative agent of the acquired immunodeficiency syndrome (AIDS) (1). The clinical picture of AIDS is characterized by opportunistic infections such as pneumocystis jirovecii pneumonia and candida esophagitis (2). These opportunistic infections are the result of a severe depletion of CD4+ lymphocytes, which are central mediators of immune response, coordinating both cellular and humoral responses against infections (3).

Although HIV uses the CD4 receptor to gain access to target cells, the depletion of CD4+ lymphocytes is only partly due to a direct cytolytic effect of HIV (4). The current leading hypothesis states that chronic HIV infection is accompanied by a hyperactive inflammatory state in which there is an increased turnover of activated naïve T-cells, eventually leading to T-cell depletion by means of apoptosis (5, 6). Immune activation is driven by both the HIV viremia and bacterial translocation from the gut (7, 8) and is associated with numerous comorbidities in HIV-positive patients (9–11). Therefore, immune activation is not only considered to be a predictor for the risk for progression to AIDS but also an important cause of HIV-related comorbidity (12, 13).

Till the end of 1995, the nucleoside reverse transcriptase inhibitors (NRTIs) were the only available antiretroviral agents – targeting reverse transcriptase, an enzyme essential for HIV replication (14). Unfortunately, NRTI mono- or dual therapy had only temporary effects due to rapid resistance development and virological failure (15). However, the perspective for people living with HIV changed dramatically as result of the introduction of a new class of drugs: the protease inhibitors (PIs) combined with a pharmacological booster (16). Combination antiretroviral therapy (cART)—drug regimens consisting of multiple antiretroviral classes—diminished the risk of resistance development and led to an spectacular increase in life expectancy (17). Over the years, the development of antiretroviral drugs took off and several other third drug (“anchors”) classes—such as the non-nucleoside reverse transcriptase inhibitors (NNRTIs) and integrase strand transfer inhibitors (INSTIs) —were introduced (18, 19). Nowadays, triple antiretroviral therapy is highly successful with most patients reaching the main treatment goal of an “undetectable” viral load—defined as <50 copies/ml of HIV RNA when measured by polymerase chain reaction—and with the mortality risk declining (20, 21). Current immunoassays however, due to improvement of sensitivity, are able to detect viral loads that are below 50 copies/ml but can still be quantified: so-called “residual viremia.” A small group of patients—“elite controllers”—are able to maintain an undetectable viral load in absence of antiretroviral drugs (22). However, these patients display significant immune activation when compared to HIV-negative controls (23, 24) and this is linked to an increased risk for cardiovascular disease in these patients (25). These findings emphasize the importance of immune activation in the pathophysiology of HIV-related comorbidity. In the modern antiretroviral era, there is no role for in depth monitoring of immune activation as these markers are generally considered to reduce simultaneously with the viral load, albeit they do not show complete normalization (26).

In the recent years, questions were raised whether there is a need to hold on to the mantra that cART should always consist of three antiretroviral drugs (27). Indeed, the current available agents have high genetic barriers for resistance and the life-long use of multiple drugs could lead to long-term toxicity. Numerous studies evaluated the efficacy of mono- or dual antiretroviral therapy (28–36) and some of these two-drug regimens gained ground in the current treatment guidelines (37, 38). However, there are concerns as to whether the two-drug regimens suppress the degree of HIV-related immune activation enough (39). A rebound in immune activation which occurs beneath the surface despite virological suppression could be harmful. In the end, the development of comorbidity in HIV is the net result of potential harmful effects of antiretroviral drugs vs. the degree in which these drugs suppress the virus and the related immune activation (Figure 1). Therefore, any change in the current standard of care might lead to disruption of this equilibrium. In this mini review, we will discuss the best current available data on immune activation in non-traditional cART regimens.
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FIGURE 1. Three possible scenarios in the equilibrium between drug toxicity and damage from HIV-related immune activation: (A) A perfect balance between these factors with the smallest possible risk for comorbidity. (B) The reduction in the number of antiretroviral drugs diminishes the risk for drug toxicity but a flare in immune activation could lead to HIV-associated comorbidity. (C) Multiple antiretroviral drugs are able to fully suppress the virus but this poses a significant risk for cART-associated toxicity.




IMMUNOLOGICAL MARKERS IN HIV-INFECTION

The test battery for HIV-related immune activation is extending ever since the recognition of the hyperactive inflammatory status. The available markers can be divided into soluble and cellular markers for inflammation and immune activation, with some being more readily available than others (40) (Table 1).


Table 1. An overview of the most important soluble and cellular markers for HIV-associated immune activation that are reported in current literature.
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The soluble markers are easy to measure in a large number of test facilities and can subdivided into markers of inflammation, coagulation and microbial translocation. The most commonly used inflammation markers include high-sensitivity c-reactive protein (hs-CRP) and plasma interleukin-6 (IL-6), both considered to be extremely sensitive for systemic inflammation (41, 42) and associated with HIV-related mortality (43–46). Other soluble markers include tumor necrosis factor alpha (TNF-α), interferon-γ, neopterin, mitochondrial DNA (mtDNA), β2-microglobulin, soluble CD27, and soluble CD40 ligand (47–54). The latter two are markers of T-cell activation. The main example for coagulation markers is D-dimer, which levels increase in several pro-inflammatory states and high levels being associated with cardiovascular disease (55, 56). The last group of soluble markers are surrogates of microbial translocation. These include bacterial lipopolysaccharide (LPS)—present in gram-negative bacteria—and bacterial DNA (16s ribosomal RNA subunit) (57). In addition, plasma soluble CD14 (sCD14) and soluble CD163 (sCD163)—products of monocyte activation—are also considered to be a markers for impaired mucosal integrity (58). None of these markers are exclusively found in the setting of HIV-infection (59).

Although the soluble markers can be assessed relatively easy, their reflection of inflammation and immune activation is considered to be less specific than the cellular activation markers in the setting of HIV (40). Assessing cellular markers is more labor-intensive, requiring the isolation of peripheral blood mononuclear cells and performing flow cytometry. For the cellular activity, some well-defined markers are available: CD38+/HLA-DR+ expression on lymphocytes for T-cell activation (60, 61), Ki-67 positivity for proliferation (7), annexin-V for apoptosis (62) and programmed-death-1 co-stimulatory receptor for T-cell exhaustion (63). The CD4+ lymphocyte counts and CD4/CD8 ratio are more readily available but these changes occur more slowly and are therefore kept out of this review (64).



RESIDUAL IMMUNE ACTIVATION DURING TRIPLE-DRUG THERAPY

The initiation of cART results in fast virological suppression and significant reduction in immune activation in most patients, subsequently leading to CD4+ cell recovery (65). However, antiretroviral therapy does not normalize the HIV-induced inflammatory response with some residual immune activation persisting (66). Studies describing the effect of cART on the soluble markers report inconsistent outcomes (43, 67, 68), but especially the degree of T-cell activation rarely normalizes (69).

The clinical impact of this residual immune activation is largely unknown but, for example, the higher incidence of cardiovascular disease among HIV-positive individuals despite cART and the elite controllers implies clinical significance. The reason for residual immune activation in the setting of virological suppression has not been fully elucidated, but it is suggested that low-grade HIV replication in certain anatomical or cellular compartments is the main driver (70). These “sanctuary sites” are compartments, such as the central nervous system (CNS), gastrointestinal tract and lymph nodes, where cART reaches insufficient drug levels to completely suppress local viral replication and subsequent low-grade inflammation. The variable—and often suboptimal—drug penetration in lymph nodes (71), mucosal tissues (72) and the CNS (73) have been demonstrated in several papers. Besides these sites, persisting microbial translocation and the presence of viral coinfections are associated with persistent immune activation (74, 75). There is no consistent evidence that favors one anchor over another with respect to the degree of immune activation (76–78). Studies evaluating whether therapy intensification with additional anchors results in further suppression of immune activation, are conflicting (79–81).



IMMUNE ACTIVATION AND VIROLOGICAL EFFICACY IN MONOTHERAPY

After the introduction of cART in the mid-nineties, monotherapy for HIV-infection was abandoned because of virological inferiority. However, the idea of antiretroviral monotherapy made a comeback after the introduction of agents with a high antiviral potency and a high genetic barrier for resistance. Such a mono-drug regimen have significant advantages, including less side-effects and pill burden. The hypothesis that one powerful antiretroviral drug would be sufficient to maintain virological suppression, led to several trials comparing the virological efficacy of PI or INSTI monotherapy to traditional three-drug regimens (28, 30–33). Unfortunately, monotherapy with these drugs seem to result in higher rates of virological rebound when compared to cART. Therefore, current guidelines recommend against monotherapy as maintenance therapy in treatment-experienced patients with a undetectable viral load (37, 38). However, from a pathophysiological viewpoint it is interesting to have a closer look at the impact of monotherapy on immune activation markers.

One study that provides an insight in the mechanisms of immune activation rebound was published by BenMarzoek-Hidalgo et al. (82). In their paper, the authors describe the relationship between microbial translocation and viremia with immune activation in 71 patients receiving boosted darunavir monotherapy. In this cohort, only 26% of the patients maintained a viral load below 20 copies/ml, while 16 patients displayed virological failure (2 consecutive HIV-RNA levels exceeding 200 copies/mL). The remaining patients had (transitory) episodes of a detectable viral load during follow-up yet without meeting the criteria for virological failure. Although separate analysis per outcome group found that only patients with virological failure showed an increase in T-cell activation, it became clear that time with viral suppression was inversely correlated with T-cell activation (percentage HLA-DR+-CD38+ lymphocytes in both CD8+ and CD4+ lymphocyte subsets) at a follow-up of 24 months. In this study, there was a clear correlation between the viral load and the percentage of activated CD4+ and CD8+ lymphocytes. In addition, another study showed that intensification with INSTI (raltegravir) to PI monotherapy (either darunavir/ritonavir or lopinavir/ritonavir), resulted in a decline in the degree of residual viremia and a decrease in the percentage of activated CD8+ lymphocytes (83).

There are several studies that evaluated the non-specific soluble markers in highly selected populations (84–86), while other studies evaluated the cellular markers. The smallest study of Merlini et al. did not find a difference in T-cell activation between baseline and after 96 weeks for both patients receiving PI monotherapy with atazanavir (n = 18) and those receiving atazanavir-based cART [n = 22 (87)]. However, patients on monotherapy were more likely to display increased T-cell apoptosis than patients receiving three drugs. Torres et al. evaluated the markers for monocyte activation in 40 patients receiving PI monotherapy (either lopinavir/ritonavir or darunavir/ritonavir) and 20 patients on PI-based cART for at least 48 weeks and an undetectable viral load (88). This cross-sectional analysis showed that patients on monotherapy display higher levels of monocyte activation—CD14+CD16-CD163+ cells and sCD14 levels—when compared to those receiving standard therapy. The last, most well-designed, study of Petrara et al. described the dynamics of the HIV-1 viral reservoir and T- and B-cell activation markers at 48 and 96 weeks of therapy in patients switched to PI mono-therapy (n = 32) and patients continuing PI-based triple therapy (n = 32) (89). It should be noted that ten percent of the patients in the monotherapy group experienced virological failure compared to zero patients receiving cART. Furthermore, the authors observed a significant increase of T- and B-cell activation in patients receiving one drug, while these markers remained low in patients on cART.

So the best available evidence suggests that a switch to monotherapy is associated with an increase of T-cell activation and apoptosis markers, while soluble markers data are more inconsistent. These observations seem to be the result of (low-grade) viral rebound. The increased risk for virological failure and the suggestion of a rebound in immune activation, disqualify monotherapy as maintenance therapy.



IMMUNE ACTIVATION IN DUAL THERAPY

Antiretroviral monotherapy is not likely to play a role in the near future, so the current focus is on the effectiveness of dual therapy. In fact, two-drug regimens have already gained a position in current HIV treatment guidelines; in 2018 a single-tablet regimen (STR) consisting of dolutegravir (INSTI) and rilpivirine (NNRTI) was introduced and in 2020 a STR with dolutegravir and lamivudine (NRTI) was registered as a first-line treatment option. Currently, there are several large trials that support the use of these two STRs in clinical practice: SWORD-1&2 (36), GEMINI-1&2 (35), and TANGO study (29).

The SWORD-1&2 studies evaluated the efficacy, safety and tolerability of dolutegravir/rilpivirine as maintenance therapy in patients with an undetectable viral load. Patients were randomized to either dual therapy (n = 512) vs. continuing triple-drug therapy (n = 516). After 148 weeks, the data showed that dolutegravir/rilpivirine was non-inferior with respect to virological outcomes to triple therapy (90). In the first paper evaluating this regimen, there was a brief mention on the dynamics of the inflammatory and cardiovascular markers in both groups. The authors state there was no consistent pattern of change from baseline to week 48 or differentiation between both groups in the following markers: IL-6, CRP, sCD14, sCD163, and D-dimer. Exact data were not shown and specific T-cell markers were not evaluated. The use of STR dolutegravir/lamivudine for treatment-experienced patients is supported by the TANGO study (29). In this study, 743 patients with an undetectable viral load were enrolled and were randomized to either dolutegravir/lamivudine or a triple drug regimen (two NRTIs as backbone and an anchor from one of major groups). In this study, dual therapy was also found to be non-inferior in maintaining virological suppression compared to triple therapy. In the study cohort, the authors describe a significantly smaller decrease in serum IL-6 levels in patients on dual therapy, but for sCD14 there was an exact opposite trend. The dynamics of D-dimer, hs-CRP and sCD163 were comparable for both groups. In the GEMINI-1&2 studies, it was shown that dolutegravir/lamivudine was virologically non-inferior to INSTI-based cART in treatment-naïve patients, but there were no data on immune activation (35).

As mentioned above, the registration trials briefly addressed the concerns regarding HIV-related immune activation in dual therapy. In general, the results were inconsistent and focused on soluble markers. Fortunately, a few other studies described this issue more extensively although not for the registered treatment regimens. In the study of Concepción Romero-Sánchez et al. 58 patients, having an undetectable viral load for at least 6 months, were switched to a two-drug regimen consisting of a boosted PI and Maraviroc, a HIV entry inhibitor; there was no control group in this study (91). The authors observed no change in β2-microglobuline, sCD40L, sCD14, hsCRP, D-dimer, and mtDNA at 24 (±12) weeks of follow-up when compared to baseline. However, for patients with high baseline levels of β2-microglobuline, sCD40L and hsCRP there was marked decrease at final follow-up. Two other papers evaluated the differences between patients on dual antiretroviral therapy vs. those on triple therapy. Belmonti et al. describe the dynamics of IL-6, CRP, sCD14 and D-dimer from baseline to 48 weeks (92). A switch to dual therapy (n = 70 boosted atazanavir plus lamivudine) did not result in a significant changes in the markers mentioned above and did not differ from the markers in patients continuing triple therapy (n = 69). In addition, Vallejo et al. published a cross-sectional pilot study evaluating a broad spectrum of inflammation and immune activation biomarkers (interferon-gamma-induced protein 10, hs-CRP, sCD14, D-dimer, interferon-γ, TNF-α and IL-4) in patients on dual therapy vs. those continuing triple therapy (93). The dual therapy group consisted of 13 patients that were evaluated at 24 weeks after switch and 36 patients at 48 weeks, the control group included 26 patients. The authors found the lowest IL-6 and sCD14 levels in the patients on dual therapy for 48 weeks; the other markers were not different from the triple-therapy groups. Other studies worth to mention were performed by Quiros-Roldan et al. and Mussini et al. but these papers reported less commonly used parameters such as CD4/CD8 ratio, platelet-to-lymphocyte and neutrophil-to-lymphocyte ratio (94, 95).

In the studies presented above, the switch from triple to dual therapy is not accompanied with a consistent increase in the soluble inflammatory markers. However, in contrast to the monotherapy studies none of the papers assessed T-cell activation, proliferation or apoptosis markers. At this moment, there is sufficient evidence to support certain two drug regimens as treatment options for HIV in terms of virological efficacy but robust data on effects on immune activation are lacking.



CONCLUSIONS

In this review we presented the current best available evidence on the dynamics in immune activation in non-traditional antiretroviral therapy. We found that the most well-designed studies show that monotherapy is associated with insufficient suppression of T-cell activation when compared to traditional triple therapy; there might be an association with a detectable viral load. Furthermore, we observed that the dynamics of T-cell activation, proliferation and apoptosis do not necessarily follow the trends observed in the soluble markers, confirming earlier observations.

Especially the last finding is of great importance when we have a look at the data presented for the two-drug regimens, which now have become a reasonable option in modern antiretroviral therapy. The fact that the large registration trials for treatment-experienced patients included inflammatory makers as secondary outcomes is laudable; it emphasizes the recognition of the importance of this outcome. In contrast, the founders of these studies missed an excellent opportunity for a thorough assessment of the immune activation markers in dual therapy. In SWORD-1&2 and TANGO, the soluble markers are only briefly mentioned or the authors stay away from firm statements. Furthermore, the studies only included soluble markers but there are no data on T-cell activation. As we learned from the monotherapy data, especially those markers might display abnormalities. The fact that T-cell activation is correlated with a detectable viremia and that the two-drug regimens show virological non-inferiority with the 50 copies/ml threshold, is reassuring. However, as we are not aware of the degree of residual viremia in the two-drug regimens, a negative impact of dual drug therapy cannot be excluded at this moment.

Based on the presented studies, we believe there is insufficient evidence that mono- and dual therapy are non-inferior to triple therapy when it comes to the suppression of HIV-related immune activation. Although dual therapy is an attractive option as it diminishes the life-time exposure to antiretroviral drugs with potential toxicity, the impact of a rebound in immune activation are currently unknown. We need to keep the potential negative impact of cART in an equilibrium with the degree of immune activation, as a misbalance could lead to HIV or cART-related comorbidity. There is a need for well-designed, longitudinal studies with a proper, unbiased patients selection evaluating both the soluble and the cellular immune activation markers. Only such studies can tell us whether everything is quiet beneath the surface in dual therapy.
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Background: We explored the long-term effects of cART on markers of gut damage, microbial translocation, and paired gut/blood microbiota composition, with a focus on the role exerted by different drug classes.

Methods: We enrolled 41 cART naïve HIV-infected subjects, undergoing blood and fecal sampling prior to cART (T0) and after 12 (T12) and 24 (T24) months of therapy. Fifteen HIV-uninfected individuals were enrolled as controls. We analyzed: (i) T-cell homeostasis (flow cytometry); (ii) microbial translocation (sCD14, EndoCab, 16S rDNA); (iii) intestinal permeability and damage markers (LAC/MAN, I-FABP, fecal calprotectin); (iv) plasma and fecal microbiota composition (alpha- and beta-diversity, relative abundance); (v) functional metagenome predictions (PICRUSt).

Results: Twelve and twenty four-month successful cART resulted in a rise in EndoCAb (p = 0.0001) and I-FABP (p = 0.039) vis-à-vis stable 16S rDNA, sCD14, calprotectin and LAC/MAN, along with reduced immune activation in the periphery. Furthermore, cART did not lead to substantial modifications of microbial composition in both plasma and feces and metabolic metagenome predictions. The stratification according to cART regimens revealed a feeble effect on microbiota composition in patients on NNRTI-based or INSTI-based regimens, but not PI-based regimens.

Conclusions: We hereby show that 24 months of viro-immunological effective cART, while containing peripheral hyperactivation, exerts only minor effects on the gastrointestinal tract. Persistent alteration of plasma markers indicative of gut structural and functional impairment seemingly parallels enduring fecal dysbiosis, irrespective of drug classes, with no effect on metabolic metagenome predictions.

Keywords: dysbiosis, cART initiation, intestinal damage, microbial translocation, gut health


BACKGROUND

HIV-infected individuals harbor a distinct gut microbiota (1–5) known to associate with immune activation (6–8), immune status (9–12), antiretroviral treatment (13, 14) and sexual orientation (15, 16). Despite the increasing recognition of the gut microbiome involvement in HIV pathogenesis (17–20), findings and interpretation of literature studies diverge quite significantly, due to differences in cohort size, sampling, lack of adjustment for confounding factors, such as sexual practice, age, and diet (13, 15).

One of the most consistent alterations described in untreated HIV infection is the dramatic subversion of the Bacteroidetes and Proteobacteria phyla, with, respectively, an unbalanced Prevotella/Bacteroides species ratio and enrichment in Enterobacteriaceae (19, 21–23). The increased abundance of gut-resident bacteria which are capable of directly driving inflammation in the host represents a reasonable mechanistic link between HIV-associated dysbiosis and high systemic immune activation in the natural history of disease (22).

Suppressive combination antiretroviral therapy (cART) appears to have a limited effect on the restoration of gut microbiota (1, 3, 12, 14, 23–27). Indeed, although gut microbial composition of cART-treated individuals is different from that of untreated subjects, the former also display a microbial community structure distinct from that reported in the HIV-uninfected population (3, 26, 28). These findings allow for the speculation that enduring gut dysbiosis may contribute to the pathogenesis of residual clinical disease in the course of cART. In addition, antiretroviral compounds per se could further promote dysbiosis (29) as well as impact on microbial translocation, inflammation/immune activation and the gut epithelial barrier damage (23, 24).

While focusing on a detailed definition of gut microbiota in HIV infection, literature studies have overlooked the possible role of blood microbiota, translocated from the gastrointestinal tract to the systemic circulation, in promoting inflammation and non-communicable diseases in HIV-infected subjects.

A previous report from our group demonstrated a polymicrobic flora in the blood of HIV-infected subjects with inadequate immune recovery on cART (30), raising the question of whether blood microbiota merely reflects the microbial composition in the gut or actively contributes to HIV pathogenesis. In keeping with this observation, recent studies have demonstrated a role of blood microbiota in the onset of diabetes and athero-thrombotic disease in the general population (31, 32), possibly confirming a role of blood dysbiosis in non-AIDS related co-morbidities (33).

In the attempt to shed light onto the mechanisms underlying gut dysbiosis, gastrointestinal damage, microbial translocation and systemic inflammation in the course of effective treatment, we conducted a longitudinal analysis of the microbial composition in paired blood and gut samples of HIV-infected subjects introducing cART and studied its association with microbial translocation, gastrointestinal damage and gut/systemic inflammation parameters.



MATERIALS AND METHODS


Study Population

HIV-positive, adult, antiretroviral-naïve subjects were consecutively enrolled at the Clinic of Infectious Diseases, Department of Health Sciences, University of Milan—ASST Santi Paolo e Carlo, Milan, after providing written, informed consent in accordance with the Declaration of Helsinki. The Institutional Review Board at the ASST Santi Paolo e Carlo specifically approved the study. Individuals with either signs/symptoms of gastrointestinal diseases were excluded from the study. Study subjects underwent paired blood and fecal sampling prior to cART (T0) and after 12 (T12) and 24 (T24) months of therapy. HIV-uninfected individuals were enrolled as controls.



T-Cell Immune Phenotypes

Lymphocyte surface phenotypes were evaluated by flow cytometry on fresh peripheral blood (FACSCanto II; BD Italy). We evaluated activation (CD45R0/CD38), naïve (CD45RA), and memory (CD45R0) subsets and IL-7 receptor (CD127) on CD4 and CD8 T-cells. Samples were stained with the following fluorochrome-labeled antibodies: L/D V500, CD4 PE-Cy7, CD8 PerCPCy5.5, CD38-FITC, CD45R0-PE, CD45RA-FITC, CD127-PE (BD Bioscience). The gating strategy used is presented in Supplementary Figure 1.

The following combinations were used: LD/CD8/CD38/CD45R0, LD/CD8/CD4/CD127, and LD/CD4/CD8/CD45RA/CD45R0. FACSDiva 6.1.3 software was used to analyze data.



Microbial Translocation Markers

Plasma sCD14 and Endotoxin Core Antibodies (EndoCab) were measured by ELISA (R&D systems), in accordance with the manufacturer's instructions. Samples were diluted 1000X and 200X, respectively. The total amount of 16S rDNA present in the samples was measured by qPCR in triplicate and normalized using a plasmid-based standard scale (Vaiomer SAS, Labége, France).



Urinary Lactulose-Mannitol Fractional Excretion Ratio (LAC/MAN) and Intestinal Fatty Acid Binding Protein (I-FABP)

Participants were asked to fast the night before and to collect morning urine before drinking a sugar probe solution containing 5 g lactulose and 2 g mannitol. Urine was collected for 5 h following administration of the double sugar solution and participants did not eat or drink (with the exception of water) until the end of the 5-h collection. The total volume of urine was recorded and a 30 mL aliquot of chlorhexidine-preserved (0.236 mg/mL of urine; Sigma Chemical, St Louis, MO, USA) was frozen and stored for High Performance Liquid Chromatography analysis of lactulose and mannitol (Dionex MA-1 ion exchange column with pulsed amperometric detection on a Dionex Ion Chromatograph 3000, Thermo Scientific, Sunnyvale, CA). The ratio of lactulose and mannitol excretion (LAC/MAN) was assessed. Normal values were considered <0.05 (34, 35). Intestinal Fatty Acid Binding Protein (I-FABP) was assessed by ELISA (Hycult Biotech), according to manufacturer's instruction.



Fecal Calprotectin Levels

Calprotectin concentrations were measured by use of a commercial ELISA kit (Immundiagnostik, Bensheim, Germany), according to the manufacturer's instruction. Briefly, two 100-mg samples of feces from a single stool sample from each participant were assayed, and the mean of the two measurements was recorded.



Gut Persistence Score

A gut persistence score was calculated for all drug regimens. Briefly, given the known bioavailability for every single cART molecule, the percentage of non-absorbed drug was ranked in quartiles and given a score between 1 (low persistence score, <25%) and 4 (high persistence score, >75%). A regimen gut persistence score was calculated as the sum of each ARV score.



Metagenomic Sequencing of Blood and Fecal Samples

Fresh stool samples and plasma were collected from each subject, frozen immediately and stored until processing at −80°C. Total DNA was extracted as previously described (36). DNA from plasma was isolated and amplified in a strictly controlled environment at Vaiomer SAS (Labège, France) using a stringent contamination-aware approach as discussed previously (36–39), with no decontamination strategies.

However, plasma, which harbors only a small fraction of the blood bacterial DNA (39), could be impacted by technical contaminants, which suggests that plasma signatures should be taken with more caution than those obtained from feces. Potential contaminants usually impact all samples in a similar way and should not create artifactual differences in the statistical analyses.

Following DNA extraction, the V3–V4 hypervariable regions of the 16S rDNA were amplified and quantified by qPCR, sequenced with MiSeq technology, and clustered into operational taxonomic units (OTUs) before taxonomic assignment as described for fecal and plasma samples (36). PCR amplification was performed using 16S universal primers targeting the V3–V4 hypervariable region of the bacterial 16S ribosomal gene corresponding to 340F-781R sequence positions on the reference E. coli sequence.

The targeted metagenomic sequences from fecal and plasma microbiota were analyzed using the bioinformatics pipeline established by Vaiomer SAS from the FROGS guidelines. Briefly, after demultiplexing of the barcoded Illumina paired reads, single read sequences were cleaned and paired for each sample independently into longer fragments. Operational taxonomic units (OTU) were produced with via single-linkage clustering and taxonomic assignment was performed in order to determine community profiles. For parameters: the samples with <5,000 sequences after FROGS processing were not included in the statistics.



Bioinformatics Analyses

Targeted metagenomic sequences from microbiota were analyzed using a bioinformatic pipeline based on FROGS (40), as described in (38). Briefly, the denoising was performed by removing amplicons missing the two PCR primer sequences (10% of mismatches were allowed), amplicons shorter than 350 bases or longer that 480 bases, amplicons with at least one ambiguous nucleotide (“N”), amplicons identified as chimera (with vsearch v1.9.5), and amplicons with a strong similarity (coverage and identity ≥ 80%) with the phiX genome (used as a control for Illumina sequencing runs). Clustering was produced in two passes of the swarm algorithm v2.1.6. The first pass was a clustering with an aggregation distance equal to 1. The second pass was a clustering with an aggregation distance equal to 3. As final denoising step, OTU with very low abundance (≤0.005%) were regarded as sequencing errors and thus discarded. Taxonomic assignment of amplicons into operational taxonomic units (OTUs) was produced by Blast+ v2.2.30+ with the RDP V11.4 database.

Samples with fewer than 5,000 sequences classified in OTU (3 plasma samples, and none of the fecal samples) were excluded from diversity and LEFSE analyses as their taxonomic profile was not determined with enough precision. However, no other cut off was used, and all other samples were kept in the analysis.

Reads obtained from the MiSeq sequencing system have been processed using Vaiomer SAS bioinformatics pipeline. The relative proportion taxa for each taxonomic level (phylum, class, order, family, genus, and species) for both fecal and plasma samples were analyzed statistically.

Alpha-diversity (α-diversity) represents the mean of species diversity per sample in each group/class. Diversity analysis is presented at OTUs level for richness parameters for species taxa according to (1) observed, (2) Chao1 and (3) PD (Phylogenetic Diversity) indexes; and diversity/evenness parameters for species taxa according to (3) Shannon, (4) Simpson, and (5) inverse Simpson indexes.

Principal Coordinate Analysis (PCoA) was performed for comparison of sample groups/class based on four methodologies for β-diversity: (1) Bray-Curtis (a quantitative measure of community dissimilarity), (2) Jaccard (a qualitative measure of community dissimilarity), (3) Unweighted-Unifrac (a qualitative measure of community dissimilarity that incorporates phylogenetic relationships between the features), and (4) Weighted-Unifrac (a quantitative measure of community dissimilarity that incorporates phylogenetic relationships between the features).

Finally, the output matrix containing the relative abundance of OTUs per sample was processed with the linear discriminant analysis effect size (LEfSe) algorithm (41) using an alpha cut-off of 0.05 for both the factorial Kruskal-Wallis test among classes and the pairwise Wilcoxon test between subclasses, and an effect size cut-off of 2.0 for the logarithmic LDA score for discriminative features, and the strategy for multi-class analysis set to “all-against-all.”

The functional metagenome has been predicted using PICRUSt v1.1.1 (42) as follow: the OTU representative sequences were used to pick OTUs against the GreenGenes reference tree (May 18, 2012 database) at 97% identity in order to convert our initial OTU abundance table into PICRUSt-ready OTU abundance table. The metagenome was predicted for each sample and the related pathways were retrieved from the Kyoto encyclopedia of genes and genomes (KEGG) pathways database and formatted for STAMP analysis.



Statistical Analysis

Continuous variables were expressed as median and interquartile range (IQR), whereas categorical variables were expressed as absolute numbers and percentages. The different groups of patients and the different time points were compared using Chi-squared, Fisher's exact test for categorical variables. Mann-Whitney or Kruskal-Wallis for the comparison between HIV+ groups and HIV negative controls. Friedman paired test and Wilcoxon matched paired test for the comparison among HIV+ groups. Correlations among variables were tested by Spearman Rank correlation and presented through heatmaps created using the HEATPLOT module on Stata (v.14, StataCorp, USA). Data were analyzed with GraphPad 6.2 Prism (GraphPad Software Inc). Permanova analysis and Permdisp analysis for all Beta-diversity indexes were performed. P < 0.05 for both Pseudo F and F-values, respectively, for Permanova and Permdisp, were considered statistically significant. For Picrust analyses was used “STAMP analysis” using Welch's (uncorrected) 0.95 for post-hoc test, and Bonferroni correction.




RESULTS


Study Population

We consecutively enrolled 41 HIV-infected, cART-naïve individuals (Table 1). At baseline, 25/41 (61%) started a NNRTI-based regimen, 9/41 (22%) a PI-based regimen and 7/41 (17%) an INSTI-based regimen (Table 1). Compared to HIV-negative healthy controls, HIV-infected patients were older (p = 0.0017), with a higher proportion of MSM (p = 0.039; Table 1).


Table 1. Epidemiological, Clinical, and HIV-related features of HIV-infected cohort.

[image: Table 1]

Following 12 and 24 months of suppressive cART, we observed viro-immunological improvements (Supplementary Table 1), coupled with decreased T-cell activation and a redistribution of memory and naïve T-cell subsets (Supplementary Table 1). With regards to microbial translocation and gut barrier markers, cART introduction resulted in stable 16S rDNA and sCD14 levels, along with a rise in EndoCAb (p = 0.0001) and I-FABP plasma levels (p = 0.039; Supplementary Table 1). Interestingly, while fecal calprotectin was stable over time in the whole population (Supplementary Table 1), it significantly decreased in HIV-infected subjects with baseline calprotectin values above the range of normality (i.e., >50 μg/g) (168 mcg/g vs. 125 mcg/g vs. 60 mcg/g; p = 0.018). Likewise, despite a stable LAC/MAN ratio in the whole cohort (Supplementary Table 1), HIV-infected patients starting cART with a LAC/MAN ratio > 0.05 displayed a significant reduction at T12 (0.065 vs. 0.034; p = 0.031; Supplementary Table 1).



Fecal Bacterial Composition Is Affected by Both HIV Infection and Sexual Behavior

We first assessed fecal alpha- and beta-diversity, as well as bacterial relative abundance between in HIV-infected cART-naive individuals and HIV-uninfected controls. The alpha-diversity richness indexes, but not the evenness indexes, were higher in HIV-infected subjects compared to the control group (observed: p = 0.029; Chao1: p = 0.011; PD: p = 0.08; Shannon p = 0.184; Simpson p = 0.303; Supplementary Figure 2A).

Following the fecal relative abundance analyses of the diverse taxonomic levels (phylum, class, order, family, genus, and species) HIV-positive individuals displayed higher Actinomycetaceae (p = 0.01), Prevotellaceae (p = 0.003), Lactobacillaceae (p = 0.003), Peptococcaceae (p < 0.0001), Succinivibrionaceae (p < 0.0001), Fusobacteriaceae (p = 0.01) and lower Bacteroidaceae (p < 0.0001), Ruminococcaceae (p = 0.066), and Rikenellaceae (p < 0.0001) (Supplementary Figure 2B) compared to controls. In particular, while we did not find major differences at the phylum level, we observed significant modification within the lower taxonomic levels, such as families and genera. These differences were confirmed by the linear discriminant analysis (LDA) effect size (LEfSe) with LDA score>2 as the cut-off, which also displayed the involvement of other taxa (Supplementary Figure 2C).

Given data on the effect of sexual behavior, particularly men who have sex with men (MSM), as a driving factor of large microbiome differences [15, 16], we decided to perform a sensitivity analysis within the HIV-infected group according to sexual behavior (i.e., 28 HIV+ MSM vs. 13 HIV+ MSW). Although not detecting differences in alpha-diversity, we confirm Bacteroidetes unbalance (Prevotellaceae-rich/Bacteroidaceae-poor) in MSM (Supplementary Figures 2E,F).

Of note however, when restricting the analysis in MSW from both HIV-infected and HIV-uninfected populations we show a microbial signature unique to HIV infection with significantly less Rikenellaceae (p = 0.012) and Ruminococcaceae (p = 0.012) (Supplementary Figures 2G,H) as well as higher Actinomycetaceae (p = 0.042), Lactobacillaceae (p = 0.012), and Succinivibrionaceae (p = 0.002) (highlighted in bold italics in Supplementary Figure 2D).

These unique microbial changes in HIV-infected subjects lead us to hypothesize diverse metagenomic functions. To answer this question, we used the bioinformatics tool PICRUSt (http://picrust.github.io/picrust), that revealed similar predicted functional metagenomic pathways in the two groups (Supplementary Figure 2H).



Effect of 12 and 24 Months of Diverse cART Regimens on Fecal Bacteria Composition

We next asked whether diverse cART regimens might result in modifications of gut microbiota composition. To address this question, we first analyzed the impact of cART regimens overall, then we stratified our cohort according to the 3rd drug, i.e., NNRTI, PI, or INSTI.

The initiation of antiretroviral therapy did not lead to substantial modifications of richness and evenness parameters, as shown in Figure 1A. Similarly, the beta-diversity LEfSe analyses showed a modest variation in gut bacterial composition following 12 and 24 months of cART (Figure 1B). In line with the above-mentioned results, the principal coordinate analyses based on beta-diversity results (Bray, Jaccard and Unifrac indexes) revealed minimal cluster changes of gut microbiota in the course of treated HIV infection, irrespective of cART duration (Figure 1C).
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FIGURE 1. Fecal alpha and beta diversity analyses following 12 and 24 months of cART. (A) Fecal alpha diversity (α-diversity) is represented as the mean of species diversity per sample in each group/class (total OTUs) according to Observed, Chao1, PD (richness parameters), Shannon and Simpson (diversity/evenness parameters) during cART. We failed to find any changes following 12 (T12) and 24 months of cART (T24), data analyzed by Friedman test. (B) Linear discriminant analysis (LDA) effect size (LEfSe) with LDA score>2 log as the cut-off for all taxa at the following time-points: T0 in red and T12 in green (left); T12 in red and 24 months in green (center); T0 in red and T24 in green (right); all OTUs showed are significant with p < 0.05. (C) The principal coordinate analyses (PCoA) based on fecal beta-diversity results revealed no significant differences in the course of the study according to Bray-Curtis, Jaccard, unweighted-Unifrac; of note weighted Unifrac showed a significant separation between T12 and T24 (Permanova analysis pseudo F = 0.008), but not confirmed by Permdisp F = 0.92. P-values are not adjusted for multiple comparisons.


Following cART, the relative abundance analysis revealed a significant increase in Veillonellaceae (p = 0.004; Figure 2A) and a non-significant trend toward higher Desulfovibrionaceae (p = 0.092; Figure 2B), coupled with a parallel decrease in Lactobacillaceae (p = 0.020), Coriobacteriaceae (p = 0.004), and Peptococcaceae (p = 0.027); Figures 2C–E). Furthermore, at genus level we observed an increase in Allisonella (p = 0.004), and Desulfovibrio (p = 0.037); Figures 2F,G), with a significant decrease in Lactobacillus (p = 0.020), Eggerthella (p = 0.049), and Peptococcus (p = 0.027) (Figures 2H–J).
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FIGURE 2. Fecal relative abundance of bacteria Family and Genus taxa following cART introduction. The presented data refer to taxa at family and genus levels in HIV -infected patients before (T0) and after cART (T12, T24). (A) Significant increase in Veillonellaceae family (p = 0.004). (B) Increasing trend in Desulfovibrionaceae (p = 0.92); (C–E) significant decrease, respectively, in Lactobacillaceae, Coriobacteriaceae, and Peptococcaceae families (p = 0.020, p = 0.004, p = 0.027, respectively). (F,G) Significant increase in Allisonella and Desulfovibrio genera (p = 0.004, p = 0.037, respectively). (H–J) Significant decrease, respectively, in Lactobacillus, Eggerthella, and Peptococcus genera (p = 0.020, p = 0.049, p = 0.027, respectively). Data analyzed by Anova, p-values are not adjusted for multiple comparisons.


Because we initially demonstrated an influence of sexual behavior on fecal microbiome, in a sensitivity analysis we decided to investigate whether sexual orientation still accounts for fecal composition following 12 and 24- month cART. Most interestingly, MSM and MSW confirmed higher Prevotellaceae along with significant differences in the distribution of Bifidobacteriaceae, Bacteroideaceae, Succinivibrionaceae and Desulfovibrionaceae (Supplementary Figures 3A–H).

We next explored whether these cART-mediated microbiota shifts might be associated with markers of gut damage, microbial translocation, confirming possible associations between bacterial composition and their changes over time and gut damage/microbial translocation (Figure 3).


[image: Figure 3]
FIGURE 3. Correlations between changes in microbial composition and soluble biomarkers. (A,B) Spearman correlation and p-values at T12-T0; (C,D) Spearman correlation and p-values at T24-T0.




Changes in Gut Microbiota Composition According to the cART Class

Interestingly, when we stratified patients according to cART regimens, we found that only NNRTI-based therapy significantly reduced richness (observed: p = 0.038; Chao1: p = 0.006; Figures 4A,B), but not evenness indexes (Figures 4C,D) over time. Furthermore, the relative abundance analyses showed a different profile at both family and genus levels, with NNRTI-based regimens significantly reducing the families of Coriobacteriaceae, Peptococcaceae and increasing the Veillonellaceae family (Figures 4E–G). At the opposite, INSTI-based regimens resulted in decreased Peptococcaceae and increased Veillonellaceae families, as well as in higher Allisonella genus (Figures 4H–J). Interestingly, the changes in gut dysbiosis according to diverse cART regimens, was accompanied by stable metagenomics predictions (Figures 4K,L).
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FIGURE 4. Fecal alpha diversity indexes, relative abundance analyses, metagenomic prediction, and gut persistence score according to cART class. Comparison of alpha diversity measures in HIV-infected patients during cART (3 bars, from left to right: T0, T12, and T24) subdivided according to different cART regimens presented according to Observed (A), Chao1 (B), Shannon (C), Simpson (D) at OTUs level. (E–J) Comparison of fecal relative abundance taxa according to cART regimens analyzed Friedman test, p-values not adjusted for multiple comparisons. (K,L) Predicted metagenomic functions according to class cART. Data analyzed by Welch's (uncorrected) 0.95 for post-hoc test, and Bonferroni correction. (M,N) No differences were found in terms of fecal Gut Persistence Score according to class cART in the course of the study analyzed by Friedman test, p-values are not adjusted for multiple comparisons.


Having shown fecal microbiome changes specific to drug class, we next aimed to test whether this effect could be associated to differences in gut drug persistence across drug classes by calculating a “gut persistence score” (GPS), based on the drug bioavailability and the proportion of unchanged drug in feces. We found that the gut persistence score was similar between PI-, NNRTI- and INSTI-based regimens over time (Figures 4M,N), overall suggesting that, despite similar drug concentration in the gut, cART classes are associated with different microbiome signatures, not translating however in different predictive metagenomic functions.



Bacteria Alpha- and Beta-Diversity and Relative Abundance Analyses in Plasma

Given the presence of microbial bioproducts within the blood of HIV-infected individuals despite cART introduction (30, 43, 44), we also explored the composition of the translocating microbiota in plasma samples of our study cohort.

No differences were observed in richness parameters (observed, Chao1 and PD) and diversity/evenness parameters (Shannon and Simpson) in terms of bacteria composition over time (Figure 5A). In line with what observed in the feces, cART introduction modified the bacteria composition only partially, with slight variations of Bacilli genus (p = 0.03), Sphingomonadales order (p = 0.01) and Sphingomonadaceae family (p = 0.04) (Figure 5B). Similarly, beta- diversity analysis revealed no differences in plasma bacteria composition following the principal coordinate analysis during cART (Figure 5C).
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FIGURE 5. Plasma microbiota composition: alpha and beta diversity analyses. (A) Plasma alpha diversity (α-diversity) represented as the mean of species diversity (total OTUs) per sample in each group/class according to Observed, Chao1, PD (richness parameters), Shannon, Simpson, and invSimpson (diversity/evenness parameters) before (T0) and after 12 (T12) and 24 (T24) months of cART. No significant differences following cART initiation were found (Friedman test). (B) Linear discriminant analysis (LDA) effect size (LEfSe) with LDA score>2 log as the cut-off for all taxa at the different time-points in study between baseline (T0) in red and 12 months (T12) in green of cART (left), T12 in red and 24 months (T24) in green of cART (center), T0 in red and T24 in green (right), all OTUs showed are significant with p < 0.05. (C) The principal coordinate analyses (PCoA) based on plasma beta-diversity results revealed no significant differences in the course of the study according to all parameters: BrayCurtis Permanova Pseudo F = 0.49, Perdsp. F = 0.32; Jaccard, pseudo F = 0.94, F = 0.14; unweighted Unifrac Pseudo F = 0.99, F = 0.85; weighted Unifrac 0.09, F = 0.50. P-values are not adjusted for multiple comparisons.


Paired plasma and fecal subjects showed a completely different bacterial composition at phylum level, irrespective of HIV infection or cART introduction (Supplementary Figure 4).




DISCUSSION

It is now widely accepted that, aside from the direct effect on gastrointestinal mucosal immunity (45–48), HIV infection is characterized by gut microbiota compositional and functional changes, not fully reverted by cART (1, 3, 5, 12, 13, 18, 49–53). However, the causal relationship between altered intestinal microbiota composition, gut damage, and cART remains an open question that needs to be answered in order to improve microbiome-targeted therapies.

We hereby describe that 24 months of viro-immunological effective cART significantly reduced immune activation and corrected T-cell immune phenotype imbalances in the periphery, yet appeared to have a minor effect within the gut. Literature reports have demonstrated greater IFAB-P levels in HIV infection (54). Although IFAB-P measurements in HIV-uninfected subjects were not available in the present study, our results of a significant rise in plasma I-FABP during 24-month cART possibly suggest enduring enterocyte damage despite long-term cART. These findings complement previous data by Chevalier et al. (54) on the rise of I-FABP in acutely treated HIV-infected patients, implying the inefficiency of cART in preventing/correcting gut mucosal damage either in acute and in chronic infection. In keeping with this observation, the findings of a rise in both I-FABP and EndoCAb in the face of stable 16S rDNA might altogether suggest ongoing intestinal epithelium compromise, in turn conditioning the release in the systemic circulation of bacteria products that might however be cleared by naturally occurring EndoCAbs as previously suggested (55). Under this perspective, the finding of stable plasma sCD14 over 24 months is therefore not unexpected, given that sCD14 has been proven to interact with translocating bacteria products, in turn stimulating antigen-presenting cells via TLR signaling (56).

Although specific clinical indexes of gut permeability (i.e., LAC/MAN and fecal calprotectin) slightly and selectively improved in patients starting cART with advanced gut damage, our data overall point to the unproductive attempt of cART to repair the mucosal barrier.

The persistence of gut damage during long-term cART appears to mirror the limited effects of treatment on fecal microbiota composition, with modest increases in Negativicutes, Selenomonadales, Veillonellaceae and decreases in Lactobacillaceae, Peptococcaceae, Coriobacteriaceae. While some of these modifications might be helpful in restoring the balance between microbiota and immune system (57, 58), other changes, such as the emergence of Allisonella or Desulfovibrio genera, coupled with the possible positive association between the Veillonellaceae family and I-FABP levels, might indicate a perpetuation of gut damage. Further studies to finely investigate the associations between microbiome compositional signatures in both the stool and in gut tissue and markers of gut damage will be needed to better comprehend the possible interactions between gut microbiome and damage, in turn possibly affecting disease progression (59, 60).

Indeed, in line with previous literature reports (3, 12, 26, 28, 50), our cohort of chronically HIV-infected individuals maintained gut dysbiosis, featuring higher fecal α-diversity, a distinct cluster separation according to PCoA analysis and a Prevotellaceae-rich/Bacteroidaceae poor profile compared to uninfected individuals as well as a Ruminococcaceae/Rikenellaceae poor profile in MSW alone. Our finding is coherent with other authors, suggesting a complex scenario where the gut microbiota is altered by both HIV and other confounding factors (61).

Given that the enrichment or impoverishment of some key microbial species is linked to disease progression—i.e., the depletion of butyrate-producing bacteria has been associated with increased microbial translocation and immune activation (62, 63)–, our findings support the role of specific bacterial populations in the pathogenesis of non-communicable disorders in the context of treated HIV infection. Additionally, our finding of higher fecal α-diversity in HIV-infected patients seems to be in contrast with previous studies (12) and might be attributed in part to differences in sexual practices. Indeed, MSM were found to have greater fecal microbial differences than not-MSM, irrespective of HIV infection (15). In our cohort, however, the sensitive analysis on not-MSM confirmed the differences between HIV-infected and HIV- individuals, suggesting that factors other than sexual practice might have influenced the microbiota composition.

Antiretroviral drugs may contribute to the development of non-infectious comorbidities because of their widely described adverse effects on various organs and systems; further, cART may also determine compositional shifts in the gut microbiome and possibly fuel disease progression. In our study, aside from a small NNRTI-mediated decrease in α-diversity richness, we did not highlight marked changes according to PI- or INSTI-based combinations. Although in contrast with literature observations showing a possible role of cART-associated modifications in microbial composition (15, 23), the different cART regimens appear to have a similar impact on the composition of the microbiota.

We should also acknowledge that, given the low CD4 count at cART initiation, 19% of our cohort was on antibiotic prophylaxis, that was promptly interrupted when patients reached a good immune recovery level (generally within the first year). Thus, we could not exclude that part of the small modifications observed in gut microbiota composition might be mediated by antibiotic suspension. Besides, some cART regimens, particularly protease inhibitor-based combinations, could induce non-infectious diarrhea (64, 65), so it is also possible that the changes in microbiota might reflect these side-effects.

We next focused our research on the characterization of blood microbiota composition, given the role of translocated microbial bioproducts in disease progression (30, 44). Our analyses revealed a different composition of translocated microbial products between plasma and fecal samples, in terms of both alpha and beta-diversity, suggesting, on the one hand, a selective passage of microbes through the gut barrier, and on the other, immune control over potentially pathogenic microorganisms. Interestingly, we describe predominance of the Proteobacteria phylum in plasma in contrast to its low intestinal abundance both before and after the introduction of cART. Our findings add to previous research describing the tempo and the signature of blood microbiota in both treated and untreated SIV and HIV-infected patients, and their possible influence on inflammation and immune homeostasis (21, 66, 67). Strikingly, a similar selective Proteobacteria overgrowth has been previously proven in the blood of experimentally SIV-infected asian macaques upon antiretroviral treatment, also associated with their increased metabolic activity within the gut and immune activation, altogether confirming the propensity to preferentially translocate in the systemic circulation, in turn conditioning the immune profile (21). Given that Proteobacteria in the blood have been associated with the onset of cardiovascular events (32), a detailed definition of the possible associations between the bacteria belonging to the Proteobacteria phylum and clinical outcomes in HIV-treated patients merits an in-depth investigation, to circumstantiate the role of dysbiosis in the development of residual disease during cART as recently suggested (68).

Several limitations in our study should be acknowledged: (i) our inability to study bacterial composition, gut damage and immunity at gut mucosal site, that might have shed light on the causal relationship between microbiota and immune system over the course of cART, (ii) the lack of an extensive analysis of microbial function, which would certainly widen the understanding of the possible interactions between gut microbial community and damage, as well as peripheral immune homeostasis, (iii) the lack of a standardized questionnaire on food habits, and (iv) the use of a non-validated drug penetration score into the feces, given the well-known distinctive ability of tissue penetrations exerts by the various drugs (69, 70). A further bias in our study might be represented by the younger age in control group. It is well-known that aging affects gut microbiota composition (71), however during adulthood (25–50 years) the composition tends to be stable (72, 73), thus we could assume that despite the statistical difference in age, the two study groups are homogeneous. Finally, we must acknowledge that specific plasma decontamination strategies were not applied in this data set. Given the possibility of plasma environmental contamination (39), although potential contaminants usually impact all samples in a similar way, they cannot be fully ruled out, and therefore microbial signatures in blood should be taken with more caution than those described in fecal samples.

In conclusion, despite the viro-immunological benefits, long-term effective cART, irrespective of drug classes, resulted in persistent gut damage that associates with gut dysbiosis. Besides, the finding of a compositional shift in fecal vs. plasma microbiota, with the enrichment of Proteobacteria in peripheral blood, opens new perspective on the clinical implication of circulating bacteria and HIV-associated non-communicable co-morbidities.

To our knowledge, this is the first study assessing the impact of 24 months of cART on both fecal and plasma microbiota composition. Whether the persistence of dysbiosis fuels intestinal damage and the consequent microbial translocation, or whether the HIV-mediated pro-inflammatory environment linked to gastrointestinal damage and microbial translocation promote dysbiosis remains to be elucidated.
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Supplementary Figure 1. Gating strategy for the identification of CD4+ and CD8+ T-cell surface phenotypes. Lymphocytes were gated from forward (FSC) and side scatters (SSC), doublets were removed, live cells were selected and segregated for CD4+ T-cells or CD8 T-cells. Within CD4+ (or CD8+) subsets, CD127, CD45RA, CD45R0, and/or CD38 gates were set up based on positive vs. negative peak. Depicted are representative plots from representative subject PBMCs.

Supplementary Figure 2. (A) Fecal alpha diversity (α-diversity) represented as the mean of species diversity per sample in each group/class (total OTUs) according to Observed, Chao1 (richness parameters), Shannon and Simpson (diversity/evenness parameters) at baseline. We found a significant increase in HIV-infected patients compared to controls according to richness parameters (Observed p = 0.029; Chao1: p = 0.011, Mann-Whitney test); no differences according to diversity/evenness parameters (Shannon p = 0.184; Simpson p = 0.3033) were observed. (B) Fecal relative abundance at each taxonomic level (phylum, class, order, family, genus) between HIV-infected individuals at T0 and HIV-uninfected controls. ↑ indicates increase with significant p < 0.05, ↓ indicates decrease with significant values < 0.05 with exception for taxa Bifidobacteriales, Carnobacteriaceae, Acidaminococcus, Bifidobacterium, Collinsella, and Granulicatella that show trends with p-values between 0.05 and 0.07. Data analyzed by Mann-Whitney test. (C) Linear discriminant analysis (LDA) effect size (LEfSe) with LDA score>2 log as the cut-off at baseline. Significant results (p < 0.05) for all taxa are shown: higher abundance in HIV-infected subjects and HIV-uninfected controls represented in red and green, respectively. In Bold Italics are highlighted the families that remained altered in the sensitivity analysis according to sexual preferences (HIV-infected vs. HIV-uninfected men who have sex with women_MSW). (D–G) Sensitivity analysis of fecal microbial abundance according to sexual behavior and HIV-serostatus. HIV-infected men with different sexual behavior showed different microbial composition prior to cART (T0), with higher Prevotellaceae and lower Bacteriodaceae in MSM (D,E). HIV-infected, cART-naive (T0) MSW displayed significantly lower Rikenellaceae and Ruminococcaceae compared to their sero-negative counterparts (F,G). Data analyzed by Mann-Whitney test, p < 0.05. P-values are not adjusted for multiple comparisons. (H) Computed metagenomic functions between HIV-infected subjects prior to cART and HIV-uninfected subjects. Despite different microbial composition, similar functions were found in HIV-infected subjects prior to cART introduction and HIV-uninfected controls. Data anylzed by Welch's (uncorrected) 0.95 for post-hoc test, and Bonferroni correction.

Supplementary Figure 3. Sensitivity analysis of fecal microbial abundance according to sexual behavior following 12 and 24 months of cART. HIV-infected men with different sexual behavior showed different microbial composition at a family taxa level during cART both at T12 and T24. MSM showed lower Bifidobacteriaceae compared to MSW at T12 (A) and T24 (E), and higher Peptococcaceae, Prevotellaceae, and Succinivibrionaceae both at T12 (B–D) and at T24 (F–H). Data analyzed Mann-Whitney test, p < 0.05. P-values are not adjusted for multiple comparisons.

Supplementary Figure 4. Fecal and Plasma Phyla Distribution. The figure shows the relative abundance ratio between fecal (left bars) and plasma (right bars) samples among the most 4 representative phyla: Actinobacteria (A), Proteobacteria (B), Firmicutes (C), and Bacteroidetes (D) for each group: HIV negative controls, HIV+ T0 (baseline), HIV+ T12 (after 12 months the introduction of cART) and HIV+ T24 (after 24 months the introduction of cART). (A,B) The relative abundance of Actinobacteria and Proteobacteria phyla was higher in plasma (right bars) than in feces (left bars) in all the study groups. (C,D) The relative abundance of Firmicutes and Bacteroidetes phyla was lower in plasma (right bars), as compared to feces (left bars), in both healthy controls and HIV-infected patients prior and after cART introduction. P-values are not adjusted for multiple comparisons.

Supplementary Table 1. Viro-immunological parameters, T-cell phenotypes, microbial translocation, and gut barrier markers in 41 HIV-infected patients starting a first cART regimen.

Supplementary Table 2. Viro-immunological parameters, T-cell phenotypes, microbial translocation/gut barrier markers in HIV-infected subjects treated with different classes of antiretrovirals.
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The novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a global pandemic of the coronavirus disease 2019 (COVID-19), which elicits a wide variety of symptoms, ranging from mild to severe, with the potential to lead to death. Although used as the standard method to screen patients for SARS-CoV-2 infection, real-time PCR has challenges in dealing with asymptomatic patients and those with an undetectable viral load. Serological tests are therefore considered potent diagnostic tools to complement real-time PCR-based diagnosis and are used for surveillance of seroprevalence in populations. However, the dynamics of the antibody response against SARS-CoV-2 currently remain to be investigated. Here, through analysis of plasma samples from 84 patients with COVID-19, we observed that the response of virus-specific antibodies against three important antigens, RBD, N and S, dynamically changed over time and reached a peak 5–8 weeks after the onset of symptoms. The antibody responses were irrespective of sex. Severe cases were found to have higher levels of antibody response, larger numbers of inflammatory cells and C-reactive protein levels. Within the mild/moderate cases, pairwise comparison indicated moderate association between anti-RBD vs. anti-N, anti-RBD vs. anti-S1S2, and anti-N vs. anti-S1S2. Furthermore, the majority of cases could achieve IgM and IgG seroconversion at 2 weeks since the disease onset. Analysis of neutralizing antibodies indicated that these responses were able to last for more than 112 days but decline significantly after the peak. In summary, our findings demonstrate the longitudinally dynamic changes in antibody responses against SARS-CoV-2, which can contribute to the knowledge of humoral immune response after SARS-CoV-2 infection and are informative for future development of vaccine and antibody-based therapies.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by a novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has affected over 190 countries and was declared a global public health concern (1, 2). Although extensive efforts have been made to reduce person-to-person transmission of COVID-19 and control the outbreak, the number of cases is still increasing according to the situation report by the World Health Organization (WHO) (3). Globally, on February 13, 2021, more than 107 million cases have been reported, including about 2.3 million deaths caused by the novel coronavirus (3, 4). At this time, Chinese mainland has confirmed 89,763 cases, including 4,636 deaths (5).

The current COVID-19 pandemic rapidly spread globally, making the development of effective countermeasures to cure and prevent this disease a major global priority. It is known that four structural proteins of SARS-CoV-2, spike surface glycoprotein (S), membrane protein (M), envelope protein (E) and nucleocapsid protein (N), are essential for coronavirus assembly and infection (6, 7). S protein is the best studied coronavirus protein. The S protein consists of S1 and S2 subunits, which mediate viral attachment to host cells and fusion, respectively, in the process of infection. To engage the receptor of the host cell, the receptor-binding domain (RBD) at the N-terminal of the S1 subunit undergoes hinge-like conformational alterations (8–12). N protein oligomerizes to form a closed capsule that wraps the genomic coronavirus RNA, providing the first-line defense from the harsh conditions of the host (13–15). S and N proteins are also known as the major immunogens for the antibody response against coronaviruses (10, 14, 16). S protein has epitopes recognized by T and B cells, which can induce the production of neutralizing antibodies (nAbs); therefore, S protein represents a target for antibody-mediated neutralization and diagnostics (17–21). N protein can also potentially induce humoral and T-cell immune responses and be logically chosen as a target antigen for vaccination (22–24).

Serologic assays are urgently required for tracing patient contact, identifying the viral reservoir and conducting epidemiologic studies, although molecular diagnostic tests were rapidly developed to support case identification and track the outbreak of the SARS-CoV-2 pandemic. The ways in which the antibody responds to SARS-CoV-2 remain poorly understood, and specific data on the response of humoral immunity during infection are still unclear (25). In this study, with plasma specimens collected from patients with COVID-19 in a tertiary care hospital in Beijing, we performed longitudinal profiling of IgM and IgG against SARS-CoV-2-neutralizing and RBD-, S1S2- and N-specific antibodies, which revealed the duration of the antiviral immune response and the dynamics of these antibodies during the epidemic outbreak of SARS-CoV-2.



METHODS


Cohort Study

The COVID-19 case definition and clinical classification based on severity were defined according to the New Coronavirus Pneumonia Prevention and Control Protocol for COVID-19 (seventh edition) released by the National Health Commission of China (26). The clinical classification criteria were listed as follows. (1) Mild cases: clinical symptoms were mild without manifestation of pneumonia on imaging; (2) Moderate cases: fever, respiratory symptoms, and with radiological findings of pneumonia; (3) Severe cases: meeting any one of the following criteria: respiratory distress, hypoxia (SpO2 ≤ 93%), or abnormal blood gas analysis PaO2/FiO2 ≤ 300 mmHg, or who required mechanical ventilation either invasively or noninvasively (26). Eighty-four patients diagnosed with SARS-CoV-2 from Beijing Youan Hospital, China, from February 03 to May 18, 2020, were enrolled in this study (Table 1). Weekly followed-up and SARS-CoV-2 RNA detection were performed timely. The whole follow-up lasted for over 112 days and were divided into 7 time points since symptom onset. The time points were defined as the days after symptom onset in which samples were collected, from the first to seventh time points were days 1–7, 8–14, 15–28, 29–56, 57–84, 85–112, and >112, respectively. The throat swabs from the upper respiratory tract and whole blood were collected from patients at various time-points after hospitalization and during followed-up. Sample collection, processing, and laboratory testing were performed as recommended by China CDC and complied with WHO guidance. All COVID-19 patients were confirmed as infected based on positive results from their respiratory swab samples by RT-PCR tests. None of the study participants was co-infected with HIV, hepatitis B virus/hepatitis C virus, or influenza viruses. All participants do not have a comorbid condition, tuberculosis, autoimmune diseases, or related drug usage. In this study, 3 healthy individuals were recruited as controls, and the code “0” represents the healthy condition.


Table 1. Demographic and clinical characteristics of COVID-19 patients.
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Ethics Statement

This study and part of the relevant experiments were approved by the Beijing Youan Hospital Research Ethics Committee (No. 2020-037) and written informed consent was obtained from each participant in accordance with the Declaration of Helsinki. The clinical samples were collected for research use. The methods used conformed to approved guidelines and regulations.



Detection of the Antibodies Titer Against SARS-CoV-2

The titer of antibodies against structural protein RBD, N, and S1S2 were determined using indirect enzyme-linked immunosorbent assay (ELISA) kit supplied by Sino Biological Inc. (Cat: KIT004 for anti-S1S2 antibody; Cat: KIT005 for anti-N antibody; Cat: KIT006 for anti-RBD antibody, respectively). Briefly, corresponding recombinant proteins (RBD, N, and S1S2) have been pre-coated onto 96-well plates. The samples which were first diluted at 1:200 before measurement were added to the wells, followed by incubation with goat anti-human IgG conjugated with horseradish peroxidase for 1 h at 37°C after 5 washes with phosphate-buffered saline. The plates were developed using TMB, followed by 2 M sulfuric acid (H2SO4) addition to stop the reaction and colors developed in proportion to the amount of antibodies. To determine the final result, the ELISA plate was read at 450/630 nm by ELISA plate reader.



Detection of the IgG and IgM Antibodies Against SARS-CoV-2

The IgG and IgM antibodies against SARS-CoV-2 in plasma samples were tested using Immune Capture Colloidal Gold kit (Lot: 20200303) supplied by Bioscience (Yingnuote) Co., Ltd., China (CFDA approved), according to the manufacturer's instructions.



Neutralizing Antibody Titer Assay

The neutralizing antibody titers in plasma were measured by the Reed-Muench method on days 14 and 84 after discharge from the hospital. For calculation of geometric mean titer (GMT), antibody titers of <1:8, >1:512, and >1:1,024 were assigned values of 1:4, 1:(512 + 512/2), and 1:(1,024 + 1,024/2), respectively (27).

The titer of neutralizing antibody in plasma was determined with a modified cytopathogenic assay according to a previously published article (27). Briefly, plasma samples were inactivated at 56°C for 30 min and serially diluted with cell culture medium in 2-fold steps. The diluted plasma was mixed with a virus suspension of 100 CCID50 in 96-well plates at a ratio of 1:1, followed by 2 h incubation at 36.5°C in a 5% CO2 incubator. Then, 1 – 2 × 104 Vero cells were added to the plasma-virus mixture, and the plates were incubated for 5 days at 36.5°C in a 5% CO2 incubator. The cytopathic effect (CPE) of each well was recorded under microscopes, and the neutralizing titer was assayed by the dilution number of the 50% protective condition.



Statistical Analysis

Statistical difference was analyzed using Student's t-tests or Wilcoxon test with GraphPad Prism software version 5.03 (GraphPad Software, San Diego, California, USA). Differences were considered statistically significant at p < 0.05.




RESULTS


Demographic and Clinical Characteristics

A total of 84 patients with COVID-19 were enrolled in this study, including 34 males and 50 females. The average age of the patients was 48.85 ± 13.26 years for males and 49.48 ± 15.68 years for females (data is not shown in the Table 1). The clinical data for patients' disease history such as chronic respiratory disease, coronary disease, hypertension, and diabetes were summarized in Table 1 (upper panel). Comparison analysis revealed that severe cases had higher levels of inflammatory cells and C-reactive protein (Table 1, down panel).



Enhanced Response of Antibodies Against SARS-CoV-2 Structural Proteins

To assess the response of antibodies against RBD, N, and S1S2, we performed in-house ELISAs to detect their presence in patients throughout the study. First, we compared the levels of these antibodies in patients with those in healthy individuals and observed that they were all markedly increased in patients (p < 0.001, Figures 1A–C). Furthermore, we classified the patients into two groups according to the severity of COVID-19 at admission and performed pairwise comparisons. For each type of antibody, we also observed that the levels were significantly higher in COVID-19 patients than in healthy controls, and this rising trend was maintained from mild/moderate conditions to severe conditions (Figures 1D–F).
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FIGURE 1. Comparison of antibody responses between different groups. (A–C) Comparison of anti-RBD (A), anti-N (B), and anti-S1S2 (C) antibody responses between healthy controls (HC) and infected patients. (D–F) Pairwise comparison of anti-RBD (D), anti-N (E), and anti-S1S2 (F) antibody responses between healthy (“0”), mild/moderate (“1”), and severe (“2”) conditions. P-values were calculated by Student's t-test for (A–C) and by one-way ANOVA for (D–F). P-values < 0.05 were considered significant, and labeled with ***P < 0.001.




Dynamics of Antibody Levels With Progression and Severity of Disease

Next, we investigated the dynamics of antibody levels throughout the study period. The observations in the period showed that the levels of anti-RBD, anti-N, and anti-S1S2 increased over time and peaked around at the fourth time point and then decreased slowly. These changing patterns were similar among patients in both mild/moderate and severe conditions (Figure 2A). Moreover, the levels of antibodies, including anti-RBD (Figure 2B), anti-N (Figure 2C), and anti-S1S2 (Figure 2D), in patients with a severe condition were relatively higher than those in patients with a mild/moderate condition. These differences were prominent in the late stage, especially for the anti-S1S2 antibody from the fourth to sixth time points.
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FIGURE 2. Evaluation of antibody response between mild/moderate and severe patients. (A) Response of antibodies (anti-N, anti-RBD, and anti-S1S2) between mild/moderate and severe patients. (B–D) Comparison of anti-RBD (B), anti-N (C), and anti-S1S2 (D) antibody responses between mild/moderate (“1”) and severe (“2”) patients. Time points 1–7 represent days 1–7, 8–14, 15–28, 29–56, 57–84, 85–112, and >112, respectively, after symptom onset. P-values were calculated by Student's t-test. P-values < 0.05 were considered significant with *, **, and *** indicate p < 0.05, <0.01, and <0.001, respectively.


In addition, we performed the same comparisons for the antibody levels between female and male patients. The dynamics of antibodies against N, RBD, and S1S2 proteins displayed similar wave patterns as those shown in previous analyses (Figures 2A, 3A). Moreover, for the three types of antibodies at each time point, there were no differences between female and male patients (Figures 3B–D). These findings suggest that the levels of antibodies against the main SARS-CoV-2 immunogenic proteins are related to the progression and severity of COVID-19.
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FIGURE 3. Evaluation of antibody response between female and male patients. (A) Response of antibodies (anti-N, anti-RBD, and anti-S1S2) between female and male patients. (B–D) Comparison of anti-RBD (B), anti-N (C), and anti-S2S2 (D) antibody responses between female (“F”) and male (“M”) patients. Time points 1–7 represent days 1–7, 8–14, 15–28, 29–56, 57–84, 85–112, and >112, respectively, after symptom onset. P-values were calculated by Student's t-test, and p-values < 0.05 were considered significant.


Furthermore, we screened 6 patients who had good follow-up compliance and observed their antibody responses individually. We collected plasma samples from these patients at 6 time points (first through the sixth). By the discharge time at the third time point, all patients except one exhibited the peak of the anti-RBD antibody (Figure 4A). In contrast, all patients achieved the peak response of anti-N antibody by that time (Figure 4B), and for the response of anti-S1S2 antibody, we observed that the peak response in three patients lagged until the fourth time point. Moreover, two patients had a rebounded response to anti-S1S2 antibody at the sixth time point (Figure 4C).
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FIGURE 4. Dynamic changes in antibodies against SARS-CoV-2 structural proteins. (A–C) Dynamic changes in anti-RBD antibody (A), anti-N antibody (B) and anti-S1S2 (C) in representative patients over the monitoring period. Time points 1–6 represent days 1–7, 8–14, 15–28, 29–56, 57–84, and 85–112, respectively, after symptom onset. The gray vertical dashed line indicates the approximate time of discharge.




Dynamics of Antibody Seroconversion in Patients Since Symptom Onset

Among 84 patients, 66.7% (56/84) were positive for virus-specific IgM during the 4-month observation period. One patient was found to be positive for IgM on the day of symptom onset, and the last positive detection among the remaining patients who had IgM positive conversion was on the sixteenth day after symptom onset. Among IgM-positive patients, 57.1% (48/56) finally underwent IgM seronegative conversion, which occurred as early as day 32 after symptom onset. The median day of seronegative conversion for IgM was 57 (range: 19–82 days) after symptom onset. Eighty-four patients were all positive for virus-specific IgG, which became detectable as early as day 3 and as late as day 16 after symptom onset. However, 15.5% (13/84) underwent seronegative conversion, which occurred as early as day 51 after symptom onset. Among these patients with seronegative conversion, 92.3% (12/13) had a mild/moderate condition, and 7.7% (1/13) were had a critical condition. The negative seroconversion for IgG did not display a significant difference between mild/moderate and severe patients (p > 0.05, χ2 = 2.722). Overall, the longitudinal changes in virus-specific IgM and IgG antibodies in all patients are shown in Figure 5. The proportion of patients with detectable IgM reached 67% at the first time point (day 1–7 after onset), while the proportions of patients with detectable IgG were almost equal to 50% in the same monitoring period. The proportions of IgM- and IgG-positive patients reached 94 and 100%, respectively, at the peak in the second time point. Subsequently, the proportion of IgM-positive patients showed a rapid decrease over time, while the proportion of IgG-positive patients maintained relatively stable. Only from the fourth time point (day 29–56) did the proportion of IgG-positive patients decrease slightly.


[image: Figure 5]
FIGURE 5. Proportions of patients with seroconversion of IgM and IgG changes. Positive rates of virus-specific IgG (blue) and IgM (red) at different times in 84 plasma samples. Time points 1–7 represent days 1–7, 8–14, 15–28, 29–56, 57–84, 85–112, and >112, respectively, after symptom onset.




Decline in Neutralizing Activities Over Time

Finally, we evaluated changes in the levels of nAbs against SARS-CoV-2 by measuring the titers of nAbs in 49 plasma samples collected at the first time point and the last time point during the monitoring period after discharge. The interval between two sampling times was approximately 2 months. The first sampling took place around the third or fourth time points (14 days after discharge), and the second sampling took place around the sixth time point (84 days after discharge). Initially, we compared the levels of nAbs between patients with a mild/moderate condition and severe condition. The results showed that there was no difference between these conditions either at the first follow-up monitoring at day 14 (Figure 6A) or the second follow-up monitoring at day 84 after discharge (Figure 6B). However, we performed a paired comparison for the levels of nAbs between the two follow-ups and found that there was an obvious decline in nAb levels over the period (Figure 6C). Furthermore, the remarkable change of nAb levels was found to maintain in mild/moderate patients (Figure 6D) instead of severe ones (Figure 6E), suggesting that the response of nAbs has to do with the disease conditions. Taken together, our study highlights the need for prospective serology studies assurance to better understand the humoral response to SARS-CoV-2 infection.
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FIGURE 6. Evaluation of neutralizing antibody (nAb) levels in COVID-19 patients discharged. (A,B) Unpaired t-test analysis to compare nAb levels in COVID-19 patients discharged between mild/moderate condition and severe condition at the first follow-up (at day 14 after discharge, A) and at the second follow-up (at day 84 after discharge, B). (C–E) Paired t-test analysis to compare nAb levels in patients between the first and the second follow-ups for both mild/moderate and severe conditions (C) as well as for each conditions, mild/moderate (D) and severe (E), respectively. P-values < 0.05 were considered significant and labeled with ***P < 0.001.





DISCUSSION

In this study, we aimed to assess SARS-CoV-2 seroprevalence in patients hospitalized in a tertiary care hospital in Beijing as well as to evaluate longitudinal changes in antibody levels within the first 4 months after onset of disease and how the changes correlate with sex and COVID-19 symptoms. We tested plasma samples and monitored the dynamic changes in anti-RBD, anti-N, and anti-S1S2 antibodies in 84 COVID-19 patients (62 mild/moderate cases and 22 severe cases). Our results showed that antibodies were elicited against RBD, N, and S1S2 of SARS-CoV-2 over time, and in general, all the antibodies reached a peak 5–8 weeks after symptom onset. The three antibodies presented similar profiles regardless of patient condition and sex. The duration of antiviral antibodies could last for more than 112 days. However, the levels of antibodies (anti-RBD, anti-N, and anti-S1S2) were significantly higher in patients with a severe condition (Figures 1–3). Another difference was that anti-RBD and anti-N antibodies appeared to synchronously achieve seroconversion and reached a peak approximately 2–3 weeks after onset, while anti-S1S2 antibodies in some patients reached a peak more than 4 weeks after onset (Figure 4). In addition, we assessed the correlations among the anti-RBD, anti-N, and anti-S1S2 antibody levels at the discharge time point, and they exhibited moderate relationships with each other (anti-RBD vs. anti-N, r = 0.76; anti-RBD vs. anti-S1S2, r = 0.83; and anti-N vs. anti-S1S2, r = 0.73, respectively). We further performed multiple regression analyses with condition, sex and age as independent covariates and the antibody levels as the response; this analysis showed that none of these factors were significant (data not shown), probably due to small sample sizes.

In addition, the proportion of IgM seropositive conversion was higher than that of IgG the first week after symptom onset, which is consistent with the wide recognition that IgM provides the first line of defense during viral infection. Accordingly, IgM detection in the plasma also revealed the proportion of patients who had a recent exposure to SARS-CoV-2, while IgG detection suggested that the exposure happened several days before and in the recovery phase. However, in most cases, it is difficult to accurately determine the exact time when a patient contracted the virus. The proportion of IgM conversion increased to the highest level (94%) 2 weeks after symptom onset, while that of IgG conversion reached 100% at the same time point. After the peak, both IgM and IgG declined, but IgM dropped more rapidly over time (Figure 5). Moreover, nAbs also showed a significant decline, reflecting the recovery of disease and clearance of viruses (Figures 5, 6), consistent with other studies (28, 29). However, in our study, among the 49 samples of neutralizing activities, 37 cases decreased, 4 cases unchanged, and 8 cases increased, suggesting that the dynamic change of neutralizing responses varied greatly in individuals, but it tended to decline as a whole. Further studies are required to investigate this mechanism. Taken together, our findings raise concern that humoral immunity against SARS-CoV-2 may not be long lasting in persons with mild/moderate illness, who compose the majority of persons with COVID-19 (28).

Serologic assays are crucial for patient contact tracing and epidemiologic studies. Since the critical components of SARS-CoV-2, S and N proteins, are essential for the mediation of viral infection, they have already received much attention in studies on induced antibody responses (19, 20, 30–38). As described in previous studies (39), our findings showed that the humoral immune response could be maintained for approximately 4 months (>112 days). However, almost all reports are based on a limited number of cases due to the urgent situation. These reports also have some discrepancies between each other with regard to the time of antibody response or seroconversion or the levels of antibodies or the proportions of seroconversion, probably because there is a lack of uniform standards for enrollment of study subjects or in-house assay development. Therefore, it is necessary to gather more information on the antibody response during the process of COVID-19 infection to provide more comprehensive and accurate knowledge. For example, in our study, only 66.7% of cases (56/84) showed positive IgM conversion, while Zhao et al. reported a ratio up to 82.7% (143/173) (32). Moreover, studying antibody responses can provide important clues for the development of vaccines and therapeutic antibodies for the prevention of the disease. S and N proteins, as critical immunogens, have been proposed to have the most clinically relevant value to provide protection against coronaviral infection. Recently, animal experiments demonstrated that the spike protein of SARS-CoV-2 can trigger strong protective antibody responses in rabbits (16). In addition, the combination of subunit vaccines with appropriate adjuvants may provide a good strategy for early clinical development (40).

Like others, our study has some limitations. First, due to the small sample size of patients with severe conditions, it is difficult to draw conclusions on the relationship between antibody response and clinical course. Second, because of the limited number of longitudinal plasma samples from the patients, it was also difficult to accurately assess the seroconversion time. Consequently, if the levels of antibodies are not high enough at the time of measurement, false negatives could be recorded. Therefore, a larger number of longitudinal samples is needed. Indeed, further investigation is needed to determine the reasons for negative IgM results in patients (28/84), and asymptomatic patients with an undetectable viral load. Previous studies showed possible reasons, including extreme low viral load and insufficient sensitivity of kit detection, limitation of specimen types and irregular collection and intermittent virus shedding (41). Nevertheless, our findings contribute additional clinical information to the knowledge of antibody response during SARS-CoV-2 infection. As virological detection of SARS-CoV-2 through RT-PCR has limitations for surveillance, serological tests can detect if a person has been infected even months after viral clearance, which with very high sensitivity and specificity can be an important complementary approach (42, 43).

Taken together, our findings can benefit local researchers estimating the extent of the spread of the COVID-19 pandemic, provide comprehensive information on kinetics and neutralizing antibody responses in COVID-19 patients, and will improve our understanding for the development of vaccines as well as shed light on diagnosis, prognosis, and other treatments of SARS-CoV-2 infection (44).
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Both coronavirus disease 2019 (COVID-19) and mycobacterial immune reconstitution inflammatory syndrome (IRIS) in patients with HIV-1 infection result from immunopathology that is characterized by increased production of multiple pro-inflammatory chemokines and cytokines associated with activation of myeloid cells (monocytes, macrophages and neutrophils). We propose that both conditions arise because innate immune responses generated in the absence of effective adaptive immune responses lead to monocyte/macrophage activation that is amplified by the emergence of a pathogen-specific adaptive immune response skewed towards monocyte/macrophage activating activity by the immunomodulatory effects of cytokines produced during the innate response, particularly interleukin-18. In mycobacterial IRIS, that disease-enhancing immune response is dominated by a Th1 CD4+ T cell response against mycobacterial antigens. By analogy, it is proposed that in severe COVID-19, amplification of monocyte/macrophage activation results from the effects of a SARS-CoV-2 spike protein antibody response with pro-inflammatory characteristics, including high proportions of IgG3 and IgA2 antibodies and afucosylation of IgG1 antibodies, that arises from B cell differentiation in an extra-follicular pathway promoted by activation of mucosa-associated invariant T cells. We suggest that therapy for the hyperinflammation underlying both COVID-19 and mycobacterial IRIS might be improved by targeting the immunomodulatory as well as the pro-inflammatory effects of the ‘cytokine storm’.
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Introduction

Infection with the novel coronavirus SARS-CoV-2 has very variable outcomes ranging from an asymptomatic infection through to coronavirus disease 2019 (COVID-19), which usually presents as respiratory tract disease ranging in severity from a flu-like illness to a severe viral pneumonia that may progress to acute respiratory distress syndrome (ARDS) and/or critical illness in about 20% of patients (1, 2). A coagulopathy is a prominent feature of critical illness in COVID-19 and contributes to morbidity and mortality (3). Deterioration of respiratory tract disease and progression to a critical state usually commences about 10 days after symptom onset (1). Risk factors for deterioration include older age, male sex and medical co-morbidities, such as obesity, diabetes mellitus and hypertension (1, 2). Children rarely develop respiratory tract disease caused by SARS-CoV-2 infection but may develop pediatric multisystem inflammatory syndrome (4).

It has become clear that most disease manifestations of SARS-CoV-2 infection are a consequence of hyperinflammation resulting from SARS-CoV-2-induced immunopathology, which is characterized by lymphopenia and neutrophilia (1, 2), increased production of multiple pro-inflammatory chemokines and cytokines detectable in plasma (5, 6) or broncho-alveolar lavage (BAL) fluid (7), and dysfunction and/or activation of myeloid cells (monocytes, macrophages and neutrophils), which has been demonstrated both in blood (8–10) and BAL fluid (11). Indeed, high plasma levels of D-dimers, ferritin, interleukin (IL)-6 and tumor necrosis factor-alpha (TNF-α) are strong predictors of mortality in COVID-19 (1, 6). Many of these abnormalities bear similarities to those observed in severely immunodeficient patients with human immunodeficiency virus type 1 (HIV-1) infection who develop an immune reconstitution inflammatory syndrome (IRIS) after commencing antiretroviral therapy (ART) consequent upon the restoration of an immune response against an opportunistic pathogen. Here, we compare the immunopathology underlying HIV-associated IRIS with that currently reported for COVID-19 and reason that new insights into the immunopathology underlying COVID-19 and treatment of it may arise from doing this.



Mycobacterial IRIS Is a Manifestation of Myeloid Cell Activation Amplified by an Emergent Th1 CD4+ T Cell Response Against Mycobacterial Antigens

Approximately 20% of people with HIV-1 infection who commence ART with severe CD4+ T cell depletion (CD4+ T cell count <100/μL) experience an IRIS during the first 3 months of ART associated with a treated or unrecognized infection by various opportunistic pathogens (12). While clinical features of an IRIS may differ with different pathogens, an atypical and/or exaggerated inflammatory response is a characteristic finding. An IRIS may be associated with many types of mycobacteria, fungi, parasites and viruses that cause opportunistic infections but infections with mycobacteria are the most common cause, particularly Mycobacterium tuberculosis and Mycobacterium avium complex (MAC) (12). Research studies undertaken in patients with, or animal models of, mycobacterial IRIS have been most informative about the immunopathogenesis of IRIS and, therefore, mycobacterial IRIS will be focused on here. Notably, tuberculosis-associated IRIS (TB-IRIS) presents at a median time of 10-16 days after commencing ART (13–15).

Like COVID-19, increased production of multiple pro-inflammatory chemokines and cytokines is a prominent feature of mycobacterial IRIS (16–22), including increased production of TNF-α and IL-6. The latter has been shown to be a major mediator of immunopathology in animal models of MAC-IRIS (20). Furthermore, the IL-6-174*C variant of the IL-6 gene, as well as the TNFA-308*2 variant of the TNFA gene, were reported to be significantly less frequent in patients with mycobacterial IRIS compared with controls (23), suggesting a genetic susceptibility to the pro-inflammatory effects of IL-6 and TNF-α in mycobacterial IRIS. Corticosteroid therapy decreases the frequency and severity of TB-IRIS in patients at-risk of developing this condition (24) associated with suppressed production of pro-inflammatory cytokines, including IL-6 and TNF-α (18).

Patients with HIV infection who develop TB-IRIS also exhibit evidence of monocyte activation, not only after but also before commencing ART (19). In addition, higher blood neutrophil counts, increased neutrophil activation and elevation in plasma levels of neutrophil elastase and human neutrophil peptides have been observed in patients with TB-IRIS (25). Activation of circulating monocytes, and presumably tissue macrophages and neutrophils, is a likely explanation for increased plasma levels of pro-inflammatory cytokines and other biomarkers of inflammation being associated with an increased risk of developing TB-IRIS after ART is commenced. In a large prospective multinational study of patients with HIV-1 infection and CD4+ T cell counts <100/μL (12), Vinhaes et al. defined an inflammatory profile that predicted the development of mycobacterial IRIS, which included several biomarkers of monocyte/macrophage activation, including IL-6, TNF-α, IL-27, sCD14 and D-dimers (26). Monocyte activation in patients with TB-IRIS is also associated with NLRP3-inflammasome activation both before and after ART (27), which probably explains why high plasma IL-18 levels are also predictive of the development of TB-IRIS (16, 21). Furthermore, monocyte/macrophage activation is a likely explanation for observations that high plasma levels of sCD14, IL-6 and D-dimers are predictors of death after ART is commenced in people with HIV-1 infection (28, 29).

Current evidence suggests that following commencement of ART in patients with HIV-1 and mycobacterial infections, activation of monocytes, and presumably other myeloid cells, is amplified directly or indirectly by the restoration of CD4+ T cell responses against antigens of live or dead mycobacteria, resulting in an aberrant inflammatory response. Exaggerated and/or atypical inflammatory responses against mycobacteria, subsequently defined as mycobacterial IRIS, were first identified in patients with HIV-1 infection who were unable to generate T cell responses against mycobacterial antigens, assessed by measuring tuberculin skin test (TST) responses, until shortly after the commencement of ART (30, 31). Analyses of T cell responses using various laboratory methods in patients who developed mycobacterial IRIS after commencing combination ART have demonstrated an association with expansion of mycobacterial-specific T cells (13, 22, 32–35) with skewing of CD4+ T cells towards a Th1 phenotype during immune reconstitution (33–36), commensurate with the original observations of an association between mycobacterial IRIS and development of TST responses (30, 31). As IL-18 strongly promotes Th1 T cell responses (37), increased IL-18 production resulting from monocyte/macrophage activation (16, 18, 21, 27) may contribute to Th1 skewing of CD4+ T cells during immune reconstitution in patients with TB-IRIS. Furthermore, proliferation of weakly suppressive regulatory CD4+ T cells (38) may lead to inadequate regulation of T cell responses against mycobacteria in MAC-IRIS, though a relationship with decreased regulatory T cell numbers has not clearly been shown in TB-IRIS (33).



Hyperinflammation in COVID-19 May be a Manifestation of Myeloid Cell Activation Amplified by a Pro-inflammatory Antibody Response Against SARS-CoV-2

While there is robust evidence that the hyperinflammation complicating SARS-CoV-2 infection is a consequence of myeloid cell dysfunction and/or activation (8–11) resulting in the increased production of multiple pro-inflammatory cytokines and chemokines (5, 6), sometimes referred to as a cytokine storm (39), mechanisms remain unclear. A pro-inflammatory innate immune response associated with ineffective type I interferon anti-viral activity (40), which in some patients may be caused by neutralizing autoantibodies to type I interferons (41), may be a contributing factor. However, uncertainty remains as to why the onset of hyperinflammation is about 10 days after the onset of SARS-CoV-2 infection symptoms, and why older age, male sex and medical co-morbidities such as diabetes mellitus increase the risk of developing severe COVID-19.

Reports that critical illness in COVID-19 is associated with higher serum levels of IgG and IgA antibodies to SARS-CoV-2 spike protein (SP) (42–45), have raised the possibility that antibody responses against SARS-CoV-2 might be a determinant of the immunopathology in patients with COVID-19. Notably, patients with severe COVID-19 usually deteriorate about 10 days after symptom onset (1) just after IgG antibodies to SARS-CoV-2 SP are detectable (43). Furthermore, Cervia et al. reported that very high serum levels of IgA antibodies to SARS-CoV-2 SP are highly predictive of ARDS (44). Higher serum levels of SARS-CoV-2 SP antibodies in patients with severe COVID-19 might reflect higher SARS-CoV-2 viral loads (46) and/or an uncoordinated adaptive immune response that includes impaired T cell responses against SARS-CoV-2. Thus, several studies have demonstrated that patients with severe COVID-19, when compared to patients with mild COVID-19, exhibit less robust CD4+ and CD8+ T cell responses against SARS-CoV-2 membrane, nucleocapsid, and spike proteins (47–49). However, the findings of studies undertaken in non-human primates to elucidate the immunopathology of SARS-CoV-1 infection have provided evidence that binding of antibody-coated viruses to activatory Fc gamma receptors (FcγRs) on macrophages might have a disease-enhancing effect. Thus, induction of antibodies to SARS-CoV-1 SP by vaccination, or passive immunization with SARS-CoV-1 SP IgG antibodies, was associated with pulmonary inflammation after animals were infected by SARS-CoV-1 (50). This inflammation was characterized by “skewing’’ of pulmonary macrophages towards a pro-inflammatory M1 phenotype. Furthermore, incubation of M2 macrophages from healthy humans with plasma from SARS patients and SARS-CoV-1 pseudoviruses induced production of IL-8, CCL2 and IL-6 (50).

Evidence that IgG antibodies to the SP of SARS-CoV-2 might also exert a pro-inflammatory effect on monocytes/macrophages in patients with severe COVID-19 has been provided from several sources. In a very comprehensive analysis of antibody responses against SARS-CoV-2 undertaken by Zohar et al. (51), it was observed that patients with severe COVID-19 (requiring admission to an intensive care unit), when compared to patients with moderate COVID-19, possessed IgG antibodies at 2 weeks after presentation that exhibited functional characteristics likely to induce monocyte/macrophage activation. Those characteristics included higher serum levels of antibodies to the SARS-CoV-2 SP, including the receptor binding domain (RBD), belonging to the IgG3 subclass, the most pro-inflammatory IgG subclass (52), greater antibody binding to FcγRIIa, FcγRIIb, FcγRIIIa and FcγRIIIb, and greater antibody-dependent phagocytosis and NK cell activating activity. However, most of these differences were not observed in patients with severe COVID-19 who subsequently died suggesting that additional factors are determinants of mortality. Chakraborty et al. (53), also demonstrated that functional characteristics of IgG antibodies to the RBD domain of SARS-CoV-2 SP may be more important than serum antibody levels. Specifically, severe COVID-19 was associated with a SARS-CoV-2 RBD IgG antibody response that exhibited a higher proportion of IgG3 antibodies and decreased fucosylation of the Fc region glycans of IgG1 antibodies, both of which are antibody characteristics associated with increased binding of immune complexes to activatory FcγRs. These findings were confirmed in an independent study that demonstrated decreased fucosylation of SARS-CoV-2 SP IgG antibodies in COVID-19 patients with ARDS when compared to patients without ARDS (54). Chakraborty et al. (53) also demonstrated that decreased antibody fucosylation was associated with higher binding of immune complexes to FcγRIIIa and increased production of the pro-inflammatory cytokines IL-6, TNF-α and IL-1β from monocytes incubated with immune complexes of antibodies and SARS-CoV-2 pseudoviruses. Notably, decreased antibody fucosylation did not appear to be directly related to the severity of SARS-CoV-2 infection but was more common in males with severe COVID-19. However, factors other than sex probably contributed to production of afucosylated antibodies because the association with male sex was not observed in patients with mild COVID-19.

Aberrant glycosylation of IgG1 Fc glycans is a consequence of B cell activation and/or metabolic activity driven by various extracellular stimuli, which include pro-inflammatory cytokines (55, 56). Such pro-inflammatory cytokines produced during an innate immune response against SARS-CoV-2 might include IL-6 because it promotes B cell differentiation (57). However, other cytokines are likely to contribute, including IL-18 because it plays a critical role in IgG antibody responses produced from B cells co-stimulated by subcapsular medullary macrophages in mice (58) and human B cells constitutively express IL-18R (59) but not IL-6R (60). Emerging evidence suggests that a pro-inflammatory antibody response in patients with severe COVID-19 may be derived from B cells that have differentiated into antibody secreting cells through an extrafollicular pathway (extrafollicular B cells). These cells are more abundant than normal in the blood of patients with severe COVID-19 (61, 62), as well as in lymphoid tissue, where they are increased in the context of marked germinal center depletion and impaired differentiation of germinal center T follicular helper cells (62). B cells that have differentiated through this pathway form a subpopulation of ‘double negative’ (DN; IgD- CD27-) B cells, which are characterized by the immunophenotype CD11c+, CXCR5-, CXCR3+, T-bethi (type 2 DN [DN2] B cells) and programmed to differentiate through this pathway by IFN-γ in a TLR7-dependent manner (63). Immunoglobulin isotype switching of DN2 B cells in other infectious diseases is skewed towards pro-inflammatory isotypes of IgG, particularly IgG3 (64, 65). In the context of an early immune response against SARS-CoV-2, a major source of IFN-γ is likely to be mucosa-associated invariant T (MAIT) cells as these cells are activated and substantially depleted from blood in patients with severe COVID-19 (66, 67) and, furthermore, a fatal outcome of COVID-19 was associated with higher production of IFN-γ, compared with other cytokines, by MAIT cells (67). MAIT cells contribute to immune responses against viruses in an IL-18 dependent manner (68) and, importantly, MAIT cell activation was particularly associated with high plasma IL-18 levels in patients with severe COVID-19 (67). Th1 CD4+ T cells, which are increased in frequency in lymphoid tissue of patients with severe COVID-19 (62), might also be a source of IFN-γ.

A notable finding from a study of sex differences in immune responses in patients with COVID-19 was that while all patients exhibited increased production of multiple pro-inflammatory cytokines, male patients exhibited higher production of IL-18, as well as IL-8, associated with greater activation of non-classical monocytes, when compared with female COVID-19 patients (69). Furthermore, in a study of a small number of children with pediatric multisystem inflammatory syndrome or COVID-19, plasma IL-18 levels were increased in addition to IL-6 levels (70). Moreover, Rodrigues et al. demonstrated that severe COVID-19 was associated with NLRP3-inflammasome activation in blood mononuclear cells and monocytes from post-mortem tissues, and that serum IL-18 levels correlated with disease severity (71). Increased IL-18 production and MAIT cell activation during an innate immune response against SARS-CoV-2 may therefore contribute to B cell activation through an extra-follicular pathway and production of a SARS-CoV-2 antibody response with pro-inflammatory characteristics, which include skewing towards IgG3 antibodies and decreased fucosylation of IgG1 antibodies to SARS-CoV-2 SP.

Higher serum levels of SARS-CoV-2 IgA antibodies, particularly those of the pro-inflammatory IgA2 subclass (72), and the greater binding of IgA antibodies to FcαR, reported in severe COVID-19 patients compared with moderate COVID-19 patients at 2 weeks after presentation (51), might also contribute to activation of alveolar macrophages via Fc alpha receptors (73). Finally, skewing of SARS-CoV-2 SP IgG antibody responses towards IgG3 antibody production in patients with severe COVID-19 (51, 53) might also adversely affect immune responses against SARS-CoV-2 by mechanisms other than myeloid cell activation. Combes et al. demonstrated that patients with severe COVID-19 produced SARS-CoV-2 antibodies that block the production of interferon-stimulated genes in several cell-types by activating conserved signaling circuits that dampen cellular responses to interferons (74). In other situations, this effect is associated with an anti-viral IgG antibody response that consists of IgG3 as well as IgG1 antibodies (75).



Implications for Therapy of COVID-19

Suppression of inflammatory responses by the use of corticosteroid therapy is at least partially effective in the prevention and treatment of TB-IRIS (18, 24) and treatment of severe COVID-19 (76). However, corticosteroid therapy may be complicated by opportunistic infections, such as Kaposi’s sarcoma, in TB-IRIS (77) and potentially may further impair T cell responses against SARS-CoV-2. Anti-inflammatory therapies that target particular pro-inflammatory cytokines, such as TNF-α and IL-6, have been shown to be effective treatment for mycobacterial IRIS in studies of small numbers of patients (78) but observational studies and randomized controlled trials have not provided clear evidence of a benefit of IL-6 inhibitors, such as the IL-6R blocker tocilizumab, in the treatment of severe COVID-19 (79–81). An alternative or additional approach to controlling inflammation in severe COVID-19, as well as mycobacterial IRIS, is to modulate the effects of the cytokine milieu arising from the initial innate immune response that, as suggested here, might be a determinant of the functional characteristics of emerging adaptive immune responses. For example, investigating the effects of inhibiting IL-18 activity with humanized monoclonal antibodies to IL-18 (82), or suppression of NLRP3-inflammasome activation, is supported by preliminary data from uncontrolled, but more than one, clinical studies in patients with COVID-19 reporting a beneficial effect of inhibiting NLRP3-inflammasome activity with colchicine (83, 84).



Summary and Conclusions

While COVID-19 is a complication of acute SARS-CoV-2 infection and HIV-associated IRIS occurs in the context of chronic HIV-1 infection, similarities between the two conditions are apparent (Table 1) and have been considered here in order to enlighten the immunopathology of severe COVID-19. Approximately 20% of HIV patients with severe CD4+ T cell deficiency develop an IRIS after commencing ART, which presents at a median time of 10-16 days for TB-IRIS, while approximately 20% of people with symptomatic SARS-CoV-2 infection develop severe COVID-19 at about 10 days after symptom onset. We suggest that, in the absence of adaptive immune responses resulting from severe CD4+ T cell depletion caused by HIV-1 infection, or infection with a novel pathogen in people with SARS-CoV-2 infection, innate immune responses against mycobacteria or SARS-CoV-2, respectively, are induced leading to activation of monocytes/macrophages, including NLRP3-inflammasome activation and IL-18 production. When adaptive immune responses emerge, through ART-induced immune reconstitution in people with HIV-1 infection or production of a primary antibody response in patients with SARS-CoV-2 infection, they directly or indirectly amplify the activation of monocytes/macrophages and neutrophils resulting in an exaggerated inflammatory response and immunopathology in infected tissues (Figure 1). In addition, we suggest that the initial innate immune response not only primes the immune system for hyperinflammation induced by emergent adaptive immune responses but also exerts an immunomodulatory effect on those adaptive immune responses resulting in a Th1-skewed CD4+ T cell response against mycobacteria in mycobacterial IRIS and a SARS-CoV-2 IgG antibody response with pro-inflammatory characteristics, arising from extra-follicular B cell differentiation promoted by MAIT cell activation, in COVID-19. Based on our comparison of the immunopathology underlying mycobacterial IRIS and COVID-19, we suggest that IL-18 may play a central role in this process and should be investigated further as a possible therapeutic target.


Table 1 | Similarities between HIV-associated mycobacterial IRIS and severe COVID-19.






Figure 1 | Proposed mechanisms by which innate immune responses not only induce inflammation but also skew emerging adaptive immune responses towards a response that amplifies myeloid cell activation in mycobacterial IRIS or COVID-19. In the absence of effective adaptive immune responses against (A) mycobacteria in HIV patients with severe CD4+ T cell deficiency and a mycobacterial co-infection, or (B) acute infection with the novel pathogen SARS-CoV-2, innate immune responses are generated that result in activation of monocytes/macrophages, including NLRP3-inflammasome activation. While this does not control the mycobacterial or SARS-CoV-2 infection, it generates a pro-inflammatory cytokine environment that includes IL-18, which skews CD4+ T cell recovery towards a Th1 response after ART is commenced in HIV patients, or induces MAIT cell activation that promotes B cell differentiation through an extra-follicular pathway and the production of a SARS-CoV-2 SP antibody response with pro-inflammatory characteristics, including decreased fucosylation of IgG1 Fc glycans and higher proportions of IgG3 and IgA2 antibodies, which enhances binding of SARS-CoV-2/antibody complexes to activatory FcγRs on macrophages, in COVID-19 patients. In either situation, dysregulated production and activity of multiple pro-inflammatory cytokines and chemokines occurs and has multiple effects, including further recruitment and activation of neutrophils and monocytes, as well as macrophage activation in a positive feedback loop. Inn, innate immune response; Mon/mac, monocytes/macrophages; Neu, neutrophils; MAIT, mucosa-associated invariant T cells; EFB, extra-follicular B cells.
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Background: Immune non-responders (INR) are HIV+, ART-controlled (>2 yrs) people who fail to reconstitute their CD4 T cell numbers. Systemic inflammation and markers of T cell senescence and exhaustion are observed in INR. This study aims to investigate T cell senescence and exhaustion and their possible association with soluble immune mediators and to understand the immune profile of HIV-infected INR. Selected participants were <50 years old to control for the confounder of older age.

Methods: Plasma levels of IL-6, IP10, sCD14, sCD163, and TGF-β and markers of T cell exhaustion (PD-1, TIGIT) and senescence (CD57, KLRG-1) were measured in ART-treated, HIV+ participants grouped by CD4 T cell counts (n = 63). Immune parameters were also measured in HIV-uninfected, age distribution-matched controls (HC; n = 30). Associations between T cell markers of exhaustion and senescence and plasma levels of immune mediators were examined by Spearman rank order statistics.

Results: Proportions of CD4 T cell subsets expressing markers of exhaustion (PD-1, TIGIT) and senescence (CD57, KLRG-1) were elevated in HIV+ participants. When comparing proportions between INR and IR, INR had higher proportions of CD4 memory PD-1+, EM CD57+, TEM TIGIT+ and CD8 EM and TEM TIGIT+ cells. Plasma levels of IL-6, IP10, and sCD14 were elevated during HIV infection. IP10 was higher in INR. Plasma TGF-β levels and CD4 cycling proportions of T regulatory cells were lower in INR. Proportions of CD4 T cells expressing TIGIT, PD-1, and CD57 positively correlated with plasma levels of IL-6. Plasma levels of TGF-β negatively correlated with proportions of TIGIT+ and PD-1+ T cell subsets.

Conclusions: INR have lower levels of TGF-β and decreased proportions of cycling CD4 T regulatory cells and may have difficulty controlling inflammation. IP10 is elevated in INR and is linked to higher proportions of T cell exhaustion and senescence seen in INR.

Keywords: HIV+ immune non-responders, inflammation, senescence, exhaustion, T regulatory cells, TGF-β, IL-6, age


INTRODUCTION

HIV infection, even when successfully controlled with antiretroviral therapy (ART), upsets the homeostasis of the immune system and is associated with increased morbidities such as cardiovascular disease (CVD) and cancer (1). While the life expectancy of a person infected with HIV has increased dramatically with the use of ART, it still remains shorter than in an HIV-uninfected person (2).

ART-treated HIV+ people exhibit continued elevation of systemic inflammation as indicated by plasma levels of soluble immune mediators that are associated with non-AIDS morbidities (3–5). Systemic inflammation is also prevalent in HIV-uninfected elderly, often referred to as “inflammaging” in those over 65 years old (6). Chronic elevated plasma levels of soluble immune mediators are also associated with morbidities and mortality in HIV-uninfected elderly (7, 8). Interleukin 6 (IL-6), tumor necrosis factor (TNF), and interleukin 1 beta (IL-1b) are among the earliest cytokines produced during an immune response, but when elevated levels of these cytokines persist they are linked to pathologies associated with chronic inflammation (9).

Immune senescence is also characteristic of both aging and chronic viral infection. T cell expression of inhibitory markers can identify exhausted (PD-1, TIGIT) or senescent (CD57, KLRG-1) T cells. Exhausted T cells undergo cell cycle arrest and lose polyfunctionality, including cytokine production (10). Programed cell death protein 1 (PD-1) is an inhibitory receptor associated with T cell exhaustion and is elevated in HIV disease (11, 12) and uninfected elderly (13, 14). T cell Immunoglobulin and ITIM Domain (TIGIT) is an inhibitory receptor on T cells that out-competes the activating receptor CD226 for its ligand-CD155. Increased frequencies of TIGIT+ effector CD8 T cells correlated with parameters of HIV disease progression (15) and TIGIT was upregulated on CD8 T cells in uninfected elderly adults (14). These two studies also found higher proportions of CD8 T cells co-expressing TIGIT and PD1. Like exhausted T cells, senescent T cells undergo cell cycle arrest; however, they continue to generate cytokines (10). Senescent cells produce large volumes of inflammatory cytokines such as IL-6 and IL-8 and are described as having a senescence-associated secretory phenotype (SASP) (16). T cell expression of CD57 is generally used to identify senescent T cells and HIV-specific CD8 T cells expressing CD57 lacked the ability to proliferate in response to antigen (17). Lastly, Killer cell lectin-like receptor subfamily G (KLRG-1) expresses an ITIM motif and after blocking its ligand, E-cadherin, KLRG-1 expressing CD8 T cells regained proliferative function (18). CD8 T cell expression of KLRG-1 is increased with age (19).

Cellular exhaustion or senescence often results after multiple rounds of proliferation which can lead to dysfunctional telomeres and the DNA damage response and cellular stress resulting in cell cycle arrest (20). Therefore, memory cells that have clonally expanded repeatedly are often the T cell maturation subsets that express markers of exhaustion and senescence.

Immune failure is a condition in HIV infection in which circulating CD4 T cell numbers fail to recover, or are very slow to recover, even when viremia is controlled by ART for >2 years. HIV+ people with immune failure are referred to as immune non-responders (INR), in contrast to immune responders (IR) who do recover CD4 T cell numbers. Immune failure is associated with increased non-AIDS morbidities (1), and INRs have both elevated systemic inflammation (21) and T cell exhaustion (22). We showed previously that INR express elevated levels of CD57 and PD-1 on their CD4 and CD8 T cells (22). In addition, we demonstrated that plasma levels of IL-6 and sCD14 were elevated in INR compared to plasma levels in IR (21). However, the INR in those studies were significantly older than the IR (21, 22). In the previous study INRs were more likely to be male and white, and they had lower CD4 nadir and were older at initiation of ART.

The objective of the current study was to examine the expression of T cell exhaustion and senescence markers and their possible associations with soluble immune mediators that have been associated with morbidity and mortality in HIV infection and aging; accounting for CD4 T cell counts and age. To determine if age may have influenced the results in the previous study of INR, we chose samples from participants that were <50 years old and would not be considered elderly (>65 years old).

HIV+ participants were on ART with controlled viremia for at least 2 years and were primarily male. The HIV+ participants were placed into three groups according to CD4 T cell status: INR (<350 cells/uL), intermediate (IT; 350–500 cells/uL), and IR (>500 cells/uL). HIV-uninfected, age distribution-matched controls (HC) were included for comparison. There was no significant difference in CD4 nadir or age at initiation of ART among the three groups of HIV+ participants.

This study was designed to examine systemic inflammation and markers of T cell exhaustion and senescence in ART-treated HIV+ INR and in age-matched uninfected controls. We found that T cell exhaustion and senescence negatively correlated with levels of TGF-β and positively correlated with plasma levels of IP10 and IL-6. Thus, we hypothesize that systemic inflammation contributes to the continuous activation of T cells resulting in T cell exhaustion and senescence.



METHODS


Ethics Statement and Participant Samples

All subjects provided written informed consent in accordance with the Declaration of Helsinki. Participant studies were approved by the University Hospitals Cleveland Medical Center Institutional Review Board or the Cleveland VA Medical Center Institutional Review Board. Frozen peripheral blood mononuclear cell (PBMC) and plasma samples from ART-treated, HIV-infected patients were selected from the Case Western Reserve University Center for AIDS Research (CFAR) repository. Annually, patients in the HIV clinic at University Hospitals of Cleveland are asked if they would like to donate a blood sample to the CFAR repository. Patients who are interested are consented and PBMC and plasma samples are stored for future HIV research. For the current study, samples were requested from the repository from patients who had both PBMCs and plasma stored from the same date, were 50 years old or younger, were on HIV ART therapy for at least 2 years with controlled viremia and had similar CD4 nadir levels (no significant difference among INR, IT, IR groups). PBMC and plasma from healthy, HIV and HCV negative, consented participants 50 years old or younger were processed and stored as above.



Flow Cytometry

T cell phenotype was assessed using the following fluorochrome conjugated monoclonal antibodies: anti-CD3 PerCP (clone SK7), anti-CD57 FITC (clone NK-1) (BD Biosciences, San Jose, CA), anti- KLRG-1 APC (clone 13F12F2) (eBiosciences, San Diego, CA), anti-CD4 Pacific Blue (clone RPA-T4), anti-CD8 APC-Cy7 (clone SK1), anti-CD45RA PE-Cy7 (clone HI100), anti-CD27 AlexaFluor 700 (clone M-T271), anti-PD-1/CD274 BV711 (clone EH12.2H7), anti-TIGIT PE (clone A15153G) (Biolegend, San Diego, CA). PBMCs were incubated with viability dye (LIVE/DEAD-Aqua, Invitrogen, Grand Island, NY) at room temperature for 20 min then washed. Monoclonal antibodies were added for 20 min in the dark at room temperature, washed, fixed in PBS containing 2% formaldehyde, and events were acquired on a BD LSRFortessa flow cytometer (Becton Dickinson, San Jose, CA). For detection of the intracellular proteins, Ki67 (anti-Ki67-PE, BD Biosciences, San Jose, CA) and FoxP3 (anti-FoxP3-Vio667/APC, Miltenyi Biotec, Auburn, CA) cells were surface stained as described above, fixed, and permeabilized using the reagents and instructions in the Treg Detection kit (Miltenyi Biotec, Auburn, CA). Data were analyzed using FACSDIVA, (version 6.2 BD Bioscience, San Diego CA) or FlowJo (version 10.5.0) software. Maturation subsets were determined based on expression of CD45RA and CD27; naïve = CD45RA+CD27+; central memory (CM) CD45RA-CD27+; effector memory (EM) CD45RA-CD27-; terminal effector memory (TEM) CD45RA+CD27-. If there were fewer than 100 events in any T cell memory subset, those data were excluded from analysis. The CD4 TEM T cell subset sometimes had fewer than 100 events and may have a lower “n” value.



ELISA

Plasma IL-6 was measured by high sensitivity ELISA (Quantikine HS, R&D Systems, Minneapolis, MN), and soluble CD14 (sCD14), soluble CD163 (sCD163), Interferon gamma-induced protein 10 (IP10) or C-X-C motif chemokine 10 (CXCL10), and transforming growth factor-b1 (TGF-β1) were measured by ELISA (Quantikine, R&D Systems, Minneapolis, MN). Before measurement of TGF-β1, plasma was activated by 1N HCL as instructed in the manufacturer's protocol.



Statistics

Dichotomous variables (gender and CMV sero-status) were examined using the Chi-squared test. Comparisons among three or more groups were performed with non-parametric Kruskal-Wallis tests. Comparisons between two unrelated groups were performed using non-parametric two-tailed Mann Whitney U-tests. Associations between continuous variables were explored by Spearman's rank order correlation coefficient. All statistics were performed using GraphPad version 6 and significance thresholds were set at p-values ≤ 0.05.




RESULTS


Participant Characteristics

All HIV+ patients were ≤50 years old and had successful control of virus with ART for at least 2 years. Immune responder (IR) patients were more likely to have a protease inhibitor (PI) in their ART regimen (Table 1). No participants had a recognized viral illness at time of blood draw, no anti-neoplastic or immune modulatory treatment for cancer for at least 24 weeks, and no known immunological/inflammatory diseases (excepting HIV infection). There were no significant differences in age among the HC group and the INR, IT, and IR groups (Kruskal-Wallis p = 0.511; Table 1). There were no significant differences in CD4 nadir among the three HIV+ participant groups (Kruskal-Wallis p = 0.910; Table 1). Participants in all groups were primarily male. The HC participant group was primarily white (88%) and the HIV+ participant groups were about half white (INR 55%, IT 50%, and IR 42%). Nearly all HIV+ participants were serum antibody positive for cytomegalovirus (CMV) [INR 100% (23/23), IT 100% (14/14), IR 85% (22/26)] while 30% (9/30) of the HC participants were seropositive for CMV (Table 1).


Table 1. Participant characteristics.
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Proportions of T Cell Subsets and T Cell Subset Expression of Exhaustion and Senescence Markers in Treated, HIV-Infected Participants

Supplementary Figure 1A shows the gating strategy used to identify live CD3+ lymphocytes, CD4+ or CD8+ T cells, and naïve (CD45RA+CD27+), central memory [(CM) CD45RA-CD27+], effector memory [(EM) CD45RA-CD27-], and terminal effector memory [(TEM) CD45RA+CD27-] T cell maturation subsets. The proportions of naïve CD4 and CD8 T cells were lower in INR and IT compared to proportions in HC and IR, while proportions of effector memory T cells were higher in INR and IT than in HC. Effector memory CD8 T cell proportions were also elevated in IR compared to proportions in HC and effector memory CD4 T cell proportions were higher in in INR than in IR (Figure 1). Proportions of CD8 TEM T cells were elevated in both INR and IR compared to proportions in HC (Figure 1).
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FIGURE 1. Proportions of T cell maturation subsets in healthy controls, immune non-responders, intermediate, and immune responders. Thawed PBMCs were stained with live/dead stain, for CD4 and CD8 T cell subsets, and for CD45RA and CD27 to determine maturation subsets (naïve= CD45RA+CD27+; central memory CM= CD45RA-CD27+; effector memory EM= CD45RA-CD27-; terminal effector memory TEM= CD45RA+CD27-). Comparisons between 2 groups were made using the non-parametric, unpaired Mann-Whitney test. *p = <0.05; **p = <0.01; ***p = <0.001.


Examples of PD-1, KLRG-1, TIGIT (Supplementary Figure 1B), and CD57 (Supplementary Figure 1C) staining on CD4 and CD8 T cells, maturation subsets and isotype controls are shown in Supplementary Figures 1B,C. In general, the proportions of memory CD4 T cell subsets expressing CD57, PD-1, TIGIT, and KLRG-1 were elevated in HIV+ participants compared to proportions in uninfected participants (Figure 2). CD4 CM T cell proportions expressing TIGIT were higher in INR, IT and IR than proportions in HC. PD-1+ proportions of CD4 CM T cells were higher in INR and IT compared to proportions in HC. Proportions of KLRG-1+ CD4 CM T cells were higher in HC compared to those in the HIV-infected groups. Proportions of CD57+, PD-1+, and TIGIT+ CD4 EM T cells were higher in INR, IT, and IR compared to proportions in HC. CD4 TEM proportions of CD57+ and KLRG-1+ T cells were higher in INR, IT, and IR than in HC. Proportions of PD-1+ TEM T cells were higher in INR and IT compared to proportions in HC. Proportions of TIGIT+ TEM T cells were higher in INR when compared to proportions in HC.


[image: Figure 2]
FIGURE 2. Proportions of T cell exhaustion and senescence markers on CD4 naïve, CM, EM, and TEM T cell subsets. Thawed PBMCs were stained with live/dead stain, for CD4 and CD8 T cell subsets, and for CD45RA and CD27 to determine maturation subsets (naïve = CD45RA+CD27+; central memory CM = CD45RA-CD27+; effector memory EM = CD45RA-CD27-; terminal effector memory TEM = CD45RA+CD27-). Live gated CD3+CD4+ T cells were assessed for the proportion of CD57 (A), PD-1 (B), TIGIT (C), and KLRG-1 (D) within each maturation subset. Each symbol represents one participant, black circles = uninfected <50 years old; red triangles = ART treated HIV-infected INR CD4 <350/uL, <50 years old; green inverted triangles = ART treated HIV-infected IT CD4 350–500/uL, <50 years old; blue squares = ART treated HIV-infected IR CD4 >500/uL, <50 years old. Short black bars indicate median. Comparisons between 2 groups were made using the non-parametric, unpaired Mann-Whitney test. *p = <0.05; **p = <0.01; ***p = <0.001; ****p = <0.0001.


In INR, the proportions of CD4 EM T cells expressing CD57 (Figure 2A) and PD-1 (Figure 2B) were elevated compared to the proportions in IR (Figures 2A,B). The proportions of TEM CD4 T cells expressing PD-1 and TIGIT were also elevated in INR compared to IR (Figures 2B,C).

In general, the proportions of CD8 T cells expressing markers of exhaustion and senescence were higher than that on CD4 T cells, especially in CM and TEM subsets, but the number of significant differences among the groups were not as great (Figures 2, 3). CD8 CM T cell proportions expressing TIGIT were higher in INR and IT compared to proportions in HC and EM proportions of TIGIT+ and KLRG-1+ T cells were higher in INR and IT compared to CD8 EM T cell proportions in uninfected participants (Figure 3). CD8 EM proportions of CD57+ T cells were higher in INR, IT, and IR compared to HC (Figure 3). CD8 T cells from INR expressed higher proportions of TIGIT+ (EM and TEM) and KLRG-1+ (CM) T cells than did memory CD8 T cells from IR. Surprisingly, the proportions of KLRG-1+ CM CD8 T cells and TIGIT+ TEM T cells were lower in IR than proportions in HC (Figures 3C,D).
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FIGURE 3. Proportions of T cell exhaustion and senescence markers on CD8 naïve, CM, EM, and TEM T cell subsets. Thawed PBMCs were stained with live/dead stain, for CD4 and CD8 T cell subsets, and for CD45RA and CD27 to determine maturation subsets (naïve = CD45RA+CD27+; central memory CM = CD45RA-CD27+; effector memory EM = CD45RA-CD27-; terminal effector memory TEM = CD45RA+CD27-). Live gated CD3+CD8+ T cells were assessed for the proportion of CD57 (A), PD-1 (B), TIGIT (C), and KLRG-1 (D) within each maturation subset. Each symbol represents one participant, black circles = uninfected <50 years old; red triangles = ART treated HIV-infected INR CD4 <350/uL, <50 years old; green inverted triangles = ART treated HIV-infected IT CD4 350–500/uL, <50 years old; blue squares = ART treated HIV-infected IR CD4 >500/uL, <50 years old. Short black bars indicate median. Comparisons between 2 groups were made using the non-parametric, unpaired Mann-Whitney test. *p = <0.05; **p = <0.01; ***p = <0.001; ****p = <0.0001.




Plasma Levels of IL-6, IP10 (CXCL10), sCD14, and sCD163 in Treated, HIV+ Participants

Plasma IL-6 levels have been strongly associated with morbidities in HIV+ patients (3, 4) and were previously found to be elevated in the plasma of INR (21). However, in this cohort of relatively young (<50 years old) HIV+ patients, levels of IL-6 were not elevated in the plasma from INR when compared to plasma levels in the IR patients (Figure 4). Plasma levels of IL-6 were elevated in all HIV+ participant groups when compared to IL-6 levels in the HC group (Figure 4). Plasma IP10 levels were significantly elevated in the INR as compared to levels in IR and IT, and in all HIV+ groups compared to plasma levels in HC (Figure 4). There was a trend to higher plasma levels of sCD14 in HIV+ participants with lower CD4 counts, but this was only significant in the IT group compared to the IR group (Figure 4). Plasma levels of sCD14 were higher in HIV+ participant regardless of CD4 counts when compared to plasma levels in HC (Figure 4). Lastly, in this study, the only statistically significant difference in plasma sCD163 levels was an increase in plasma sCD163 in the IR compared to the plasma levels in the HC (Figure 4).


[image: Figure 4]
FIGURE 4. Plasma levels of IL-6, IP10 (CXCL10), sCD14, and sCD163 in treated, HIV+ participants. Plasma was measured by ELISA for IP10 (CXCL10), sCD14, sCD163, and IL-6 (high sensitivity) following the manufacture's protocol. Each symbol represents one participant, black circles = uninfected age-matched controls (HC) <50 years old; red triangles = ART treated HIV-infected INR CD4 <350/uL, <50 years old; green inverted triangles = ART treated HIV-infected IT CD4 350–500/uL, <50 years old; blue squares = ART treated HIV-infected IR CD4 >500/uL, <50 years old. Black bars indicate median. Comparisons between 2 groups were made using a Mann-Whitney U-test. *p = <0.05; **p = <0.01; ***p = <0.001; ****p = <0.0001.




Plasma Levels of TGF-β and Proportions of Cycling CD4 Cells That Are T Regulatory Cells in Treated HIV+ Participants

We recently examined cycling CD4 T cells in INR and found that although cycling CD4 T cells were enriched for T regulatory cells (Tregs), frequencies of Tregs among cycling cells were lower in INR than in IR (23). Here, we examined the proportion of cycling (Ki67+) CD4 T cells that were Tregs in our three groups of HIV+ participants. Consistent with our previous report, we found that the proportion of CD45RAneg CD4+ Ki67+ T cells that were Tregs (CD4+ CD45RA- CD25+ CD127- FoxP3+) were significantly lower in INR (Figure 5A) than in the IR group. TGF-β promotes the development of Tregs (24). Therefore, we examined TGF-β in the HIV+ participants and found that plasma TGF-β levels were significantly lower in the INR and IT groups when compared to plasma levels in the IR group (Figure 5B). Due to differences in collection protocols, plasma levels of TGF-β in HC were not directly comparable to HIV+ participant groups, and so have been excluded from these analyses. In addition, there was a positive correlation between CD4 T cell counts and plasma levels of TGF-β in INR (r = 0.437, p = 0.050) and IT (r = 0.551, p = 0.044) but not IR participants (r = 0.331, p = 0.114) (Figure 5C).
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FIGURE 5. Plasma levels of TGF-β and proportions of cycling memory CD4+ cells that are T regulatory cells in HIV+, treated participants. PBMCs were stained for Tregs using Miltenyi Biotec's Treg Detection kit and plasma was measured for TGF-β using R&D System ELISA kit. Each symbol represents one subject, red triangles = INR, CD4 <350/uL, <50 years old; green inverted triangles = IT CD4 350–500/uL, <50 years old; blue squares = IR CD4 >500/uL, <50 years old. (A) Proportions of CD3+CD4+CD45RA-Ki67+ cells that were CD127-CD25+ and FoxP3+, identified as Tregs are shown. (B) TGF-β was activated with 1N HCL and measured following manufacture's protocol; plasma levels are shown. Comparisons between 2 groups were made using a Mann-Whitney U-test. (C) Plasma levels of TGF-β were compared to CD4 T cell counts in treated, HIV-infected INR, IT, and IR participants using a rank order Spearman's analysis. Significance thresholds were set at p-values equal to or <0.05.




The Association of Plasma Levels of IL-6, IP10, TGF-β, and sCD14 With T Cell Markers of Exhaustion and Senescence in Treated, HIV+ Participants

Next, we examined the correlation of plasma levels of IL-6, IP10, TGF-β, sCD14, and sCD163 with the proportions of markers of T cell exhaustion (PD-1, TIGIT) and senescence (CD57, KLRG-1) expressed on T cell maturation subsets in HIV+ participants. Only those associations that were significant are shown in Supplementary Table 1. Figure 6 shows representative graphs of the association between plasma levels of TGF-β and TIGIT+ T cell subset proportions in INR and plasma TGF-β levels and T cell subset proportions of TIGIT+ and PD-1+ cells in IR. Plasma levels of TGF-β negatively correlated with proportions TIGIT+ (CD4 EM, CD8 CM, EM) T cells in INR and proportions of TIGIT+ (CD8 EM, naïve) and PD-1+ (CD4 EM, TEM) T cells in IR (Supplementary Table 1). Proportions of naïve KLRG-1+ T cells also negatively correlated with plasma levels of TGF-β in INR and IR (Supplementary Table 1). There was a positive correlation between plasma levels of TGF-β and proportions of CD4 EM CD57 in INR (Supplementary Table 1).
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FIGURE 6. The association of plasma levels of TGF-β with T cell markers of exhaustion and senescence in treated, HIV-infected immune non-responders and responders. Representative correlations from Supplemental Table 1 are show. Top row, immune non-responders (INR); Plasma levels of TGF-β (x-axis) vs. CD4+ EM proportion of TIGIT, or CD8+ CM and EM proportions of TIGIT (y-axis). Bottom row, immune responders (IR); Plasma levels of TGF-β (x-axis) vs. CD4+ EM and TEM proportion of PD-1, or CD8+ EM proportions of TIGIT. Correlations were calculated using a Spearman's rank order analysis; p = <0.05 considered statistically significant.


The associations of plasma levels of TGF-β with markers of T cell exhaustion were mostly negative associations, however the associations between plasma levels of IP10 and IL-6 and T cell markers of exhaustion and senescence were primarily positive (Supplementary Table 1). Figure 7 shows representative graphs of the positive association between plasma levels of IL-6 and proportions of CD4 EM TIGIT+ T cells and plasma levels of IP10 and proportions of CD8 EM TIGIT and CM CD57 in INR (upper panel). Plasma levels of IP10 also positively associated with proportions of CD4 EM PD-1 and CD8 CM PD-1+ cells in INR (Supplementary Table 1). The lower panels show the positive association between plasma levels of IL-6 with CD4 CM proportions of TIGIT+, PD-1+ and CD57+ cells in IR. There were no significant associations between plasma levels of IP10 and T cell markers of exhaustion or senescence in IR (Supplementary Table 1). There were few significant associations between sCD163 and markers of exhaustion and senescence (data not shown). Interestingly, in INR there was a negative association between plasma levels of sCD14 and proportions of CD8 T cell subsets expressing markers of exhaustion and senescence (Supplementary Table 1).


[image: Figure 7]
FIGURE 7. The association of plasma levels of IP10 and IL-6 with T cell exhaustion and senescence. Representative correlations from Supplemental Table 1 are show. Top row, immune non-responders (INR); Plasma levels of IL-6 or IP10 (x-axis) vs. CD4+ EM proportion of TIGIT, or CD8+ CM CD57 and EM proportions of TIGIT (y-axis, respectively). Bottom row, immune responders (IR); Plasma levels of IL-6 (x-axis) vs. CD4+ CM proportion of TIGIT, CD57, and PD-1. Correlations were calculated using a Spearman's rank order analysis; p = <0.05 considered statistically significant.





DISCUSSION

Our previous studies found elevated plasma levels of IL-6 and sCD14 (21) and increased T cell expression of CD57 and PD-1 (22) in INR. However, in those studies the INR were significantly older than the IR, and both INR and IR were significantly older than the uninfected controls (21, 22). IL-6 and sCD14 are elevated in HIV-uninfected elderly and are associated with morbidity and mortality (7, 8). In addition, T cell expression of PD-1 (13), TIGIT (14), and KLRG-1 (19) were elevated in HIV-uninfected elderly. Therefore, in the current study we chose treated, HIV-infected participants that were <50 years old and a group of uninfected, age distribution-matched healthy controls. All HIV+ participants had controlled viremia for at least 2 years. They were divided into groups based on CD4 T cell counts as described above. The other objective of the current study was to examine the expression of T cell exhaustion and senescence markers and their possible associations with soluble immune mediators in treated HIV infection.

As mentioned, markers of exhaustion and senescence are most often found on memory T cells that have undergone multiple rounds of replication and activation. Proportions of memory T cells are elevated during aging and in chronic viral infections and our data confirm these findings. In this study we did not calculate absolute naïve T cell counts.

Proportions of PD-1 expressing exhausted T cells are elevated in HIV disease (11, 12) and may be related to the ability to recover CD4 T cells after control of virus with ART (25). Examination of HIV-specific CD8 T cells found that many expressed CD57 and lacked the ability to proliferate in response to antigen (17) and T cell expression of CD57 may be associated with the inability to reconstitute CD4 T cells despite ART control of virus (26). In the current study we saw increased proportions of CD4 EM T cells expressing PD-1, TIGIT and CD57 and increased CD8 EM proportions of CD57, TIGIT and KLRG-1 in treated, HIV+ participants when compared to proportions expressed in uninfected controls. We also found that proportions of CD4 EM T cells expressing PD-1 and CD57 were elevated in INR when compared to proportions expressed in IR. Although the proportions of memory T cells were elevated in INR, we calculated the proportion of CD57, PD-1, TIGIT, and KLRG-1 expressing cells within each T cell maturation subset, therefore expression level should be independent of the proportion of the maturation subset.

We also examined T cell expression of the inhibitory markers, KLRG-1 and TIGIT. Increased frequencies of TIGIT expressing CD8 T cells correlated with parameters of HIV disease progression (15) and TIGIT was also upregulated on CD8 T cells in uninfected elderly adults (14). We found elevated proportions of TIGIT expressing CD4 (CM, EM, TEM) and CD8 (CM, EM) T cells in treated HIV+ participants compared to proportions in HC and proportions of TIGIT+ CD4 and CD8 TEM T cells tended to be higher in INR.

We found it interesting that proportions of TIGIT+ naive CD4 and CD8 T cells were elevated in INR and IT compared to proportions in HC. In a study of elderly patients, TIGIT was also elevated in naïve (CD45RA+CCR7+) CD8 T cells (14). The expression of exhaustion and senescence markers on naïve T cells from elderly participants may reflect a population of CD8 T cells that are phenotypically naïve (CD45RA+, CCR7+, CD27+ CD95-) but are actually antigen-experienced (13, 27). This population of memory T cells with a naïve phenotype (TMNP) may be present in INR as well. Our future studies in INR will examine this possibility in more detail.

Circulating inflammatory cytokines like IL-6 and IP10 are indicators of immune cell activation. Circulating soluble receptors are also an indication of innate immune cell activation. Activation of monocytes and macrophages causes the release of soluble forms of the surface receptors CD14 and CD163 (28, 29). In the current study, in which all HIV+ participant groups were similarly aged, plasma levels of IL-6 were higher in the HIV+ participants compared to plasma levels in HC, but among HIV+ donors, we observed no significant difference between INR and IR. IP10 is induced by Type I and Type II IFNs and in acute HIV infection, IP10 plasma levels were predictive of rapid disease progression and were negatively associated with CD4 T cell number set point (30). In the current study, plasma levels of IP10 were significantly higher in INR than in all other groups.

One factor that may contribute to systemic inflammation and T cell exhaustion and senescence observed in the current study is chronic infection with CMV. Indeed, CMV seropositivity is associated with immunosenescence (31) and our studies in HIV infection demonstrated that CMV coinfection is associated with elevated CD57 expression on both CD4 and CD8 memory T cells in treated HIV infection (32, 33). Another study found higher proportions of CD8+ CD28- T cells expressing CD57 in uninfected CMV seropositive participants compared to proportions in CMV seronegative participants (34). Proportions of CD8+CD28-T cells expressing CD57 were also associated with age (34). During primary CMV infection, IL-6 and IP10 are induced, and IP10 persists even during CMV latency (35). Previously, we found that plasma IP10 levels were significantly elevated in treated HIV+ CMV-seropositive donors compared to levels in treated HIV+ CMV-seronegative donors (36). It is possible that immune mechanisms that induce IP10, such as Type I or Type II IFNs, may arise early in HIV infection or as a result of CMV infection and persist after virus suppression by ART. Sorting out the immune manifestations of CMV infection is difficult because in immune competent hosts, infection is largely asymptomatic, and most HIV+ persons are CMV seropositive (93.7% in this cohort) (37). One limitation of the current study was that it was not powered to examine the effects of CMV infection on inflammation or T cell exhaustion/senescence, as nearly all of our HIV+ participants were CMV-seropositive, but only 30% of HC were CMV-seropositive. When we compared results from the CMV+ (n = 9) and CMV- (n = 21) uninfected healthy controls in the current study, we observed higher proportions of CD57+, PD-1+ and KLRG-1+ CD4 (EM and TEM) T cells in CMV seropositive HIV-uninfected controls compared to proportions in CMV seronegative HIV-uninfected controls. We did not see any significant difference in CD8 subset expression of markers of T cell exhaustion or senescence, nor did we see any significant difference in plasma levels of IL-6, IP10, sCD14, or sCD163 when results among CMV seropositive and seronegative controls were compared.

We hypothesize that systemic inflammation contributes to the continuous activation and turnover of T cells resulting in T cell exhaustion and senescence in INR. We saw a significant positive correlation between plasma levels of IL-6 and T cell expression of exhaustion and senescence markers in both INR and IR and between plasm levels of IP10 and T cell expression of exhaustion and senescence markers in INR. Although associations do not confirm causality or directionality, these data are consistent with the interpretation that systemic immune mediators are related to T cell exhaustion and senescence. Importantly, we have evidence suggesting causality in our earlier study in which we showed that in vitro stimulation of healthy PBMCs for 7 days with IL-6 or IL-1b can induce the expression of PD-1 and CD57 on T cells (22).

Perhaps even more striking in the current study was the negative association of plasma levels of TGF-β and expression of T cell markers of exhaustion and senescence in the INR and IR. TGF-β is an important anti-inflammatory cytokine and promotes the development of T regulatory cells (24). In our previous study examining INR, we paradoxically found higher levels of cycling (Ki67+) CD4 T cells in INR, even though they sustain low CD4 T cell numbers (21). In our more recent study that examined this finding in more detail, we found that many of the cycling CD4 T cells were Tregs regardless of the extent of CD4 T cell recovery. Previously, when we examined the cycling CD4 T cells, we found that cycling cells from INR had lower frequencies of CD4 Tregs overall, and the Tregs that remained had evidence of mitochondrial dysfunction (23). We also found that the cycling CD4 T cells in INR had transcriptomic profiles consistent with decreased TGF-β signaling and increased apoptosis signaling (23). Here, we found significantly lower plasma levels of TGF-β and cycling CD4+ T cells that were Tregs, as well as higher levels of T cell exhaustion and senescence in INR than among IR. We propose that there are mechanistic links among low TGF-β levels, reduced CD4 T cell recovery, impaired Treg functionality, and dysregulated T cell phenotypes.

In summary, treated, HIV+ participants ≤50 years old showed greater expression of T cell exhaustion (CD4 EM PD-1 and TIGIT; CD8 EM TIGIT) and senescence (CD4 and CD8 EM CD57) markers and higher plasma levels of IL-6, IP10 and sCD14 than did age matched HC. INR in particular, generally had greater T cell exhaustion (CD4 PD-1; CD8 TIGIT) and senescence (CD4 EM CD57) and elevated plasma levels of IP10. There was a positive correlation between plasma levels of IL-6 and CD4 T cell exhaustion [in INR and IT (EM TIGIT); in IR (CM TIGIT and PD-1)] and senescence [in IR (CM CD57)]. There was also a positive correlation between plasma IP10 and T cell exhaustion in INR (CD4 EM PD-1, CD8 CM PD-1, CD8 EM TIGIT) and T cell senescence in INR (CD8 CM CD57). Plasma levels of TGF-β and proportions of cycling CD4+ T cells that were Tregs were significantly lower in INR compared to levels in IR. Lastly, plasma levels of TGF-β negatively correlated with markers of T cell exhaustion in INR (CD4 EM TIGIT, CD8 CM EM TIGIT) and IR (CD4 EM TEM PD-1, CD8 EM TIGIT).

In conclusion, we hypothesize that a “tug-of-war” exists between inflammation and the associated T cell exhaustion and senescence on one side, and anti-inflammatory TGF-β levels and Tregs on the other. Our data support a model whereby INR have dysfunctional CD4 T cell cycling (23), lower levels of TGF-β, and decreased generation of Tregs, and therefore, may have difficulty controlling inflammation. Elevated plasma levels of IP10 and IL-6 were positively associated with T cell expression of exhaustion and senescence markers in INR in this study. Our previous in vitro studies showed that IL-6 and IL-1b can induce the upregulation of PD-1 and CD57 on T cells (22). Whether these effects contribute to or are a result of immune failure is an open question, and is the focus of current research in our laboratories. Future studies will examine this model in other settings of lymphopenia and in the HIV-uninfected elderly.
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Supplementary Figure 1. Gating strategy. (A) Shows the gating strategy for CD4 and CD8 T cell maturation subsets in two participants (INR and IR). After singlet gating, lymphocytes were gated on a FSC/SSC plot. Live cells were gated based on the negative staining of InVitrogen live/dead aqua stain, then live cells expressing CD3 were gated. CD3+ T cells were then gated for CD4 or CD8 expression. For each subset (CD4 or CD8) CD45RA vs. CD27 was examine and a quadrant gate was used to determine naïve (CD45RA+CD27+), central memory (CD45RA-CD27+), effector memory (CD45RA-CD27-), and terminal effector memory (CD45RA+CD27-) subsets. (B) Shows PD-1, CD57, KLRG-1, and TIGIT staining from one participant. The top row shows isotype staining in CD4 (blue) or CD8 (purple) T cells. The center row show PD-1, CD57, KLRG-1, and TIGIT staining in CD4 (blue) or CD8 (purple) T cells. The bottom row shows the PD-1, CD57, KLRG-1, and TIGIT staining in overlapping histographs of maturation subset in CD4 or CD8 T cells. The participant in (B) did not show positive CD57 staining, therefore we included a different participant who did show positive CD57 staining in (C).

Supplementary Table 1. The association of plasma levels of IL-6, IP10, TGF-β, and sCD14 with markers of T cell exhaustion and senescence. The correlation of plasma levels of IL-6, IP10, TGFb, sCD14, and sCD163 were compared to the proportions of CD4 and CD8 T cell maturation subsets expressing CD57, PD-1, TIGIT, and KLRG-1 in treated, HIV+ INR, IT, and IR using Spearman's rank order analysis. Only correlations that were significant are shown in table. P and r values are shown for each significant correlation; p = <0.05 considered statistically significant. Gray boxes are significant negative correlations; white boxes are significant positive correlations.
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Chronic immune activation persists in persons living with HIV-1 even though they are aviremic under antiretroviral therapy, and fuels comorbidities. In previous studies, we have revealed that virologic responders present distinct profiles of immune activation, and that one of these profiles is related to microbial translocation. In the present work, we tested in 140 HIV-1-infected adults under efficient treatment for a mean duration of eight years whether low-level viremia might be another cause of immune activation. We observed that the frequency of viremia between 1 and 20 HIV-1 RNA copies/mL (39.5 ± 24.7% versus 21.1 ± 22.5%, p = 0.033) and transient viremia above 20 HIV-1 RNA copies/mL (15.1 ± 16.9% versus 3.3 ± 7.2%, p = 0.005) over the 2 last years was higher in patients with one profile of immune activation, Profile E, than in the other patients. Profile E, which is different from the profile related to microbial translocation with frequent CD38+ CD8+ T cells, is characterized by a high level of CD4+ T cell (cell surface expression of CD38), monocyte (plasma concentration of soluble CD14), and endothelium (plasma concentration of soluble Endothelial Protein C Receptor) activation, whereas the other profiles presented low CD4:CD8 ratio, elevated proportions of central memory CD8+ T cells or HLA-DR+ CD4+ T cells, respectively. Our data reinforce the hypothesis that various etiological factors shape the form of the immune activation in virologic responders, resulting in specific profiles. Given the type of immune activation of Profile E, a potential causal link between low-level viremia and atherosclerosis should be investigated.
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Introduction

Immune activation (IA)-related comorbidities are becoming a major concern in aviremic HIV-infected persons under antiretroviral therapy (ART) (1). For instance, atherosclerosis has been linked to inflammation and coagulation, interleukin-6 (IL-6) and D-dimer correlating positively with a greater risk of fatal cardiovascular disease (2), as well as to CD8+ T cell activation (HLA-DR and CD38 coexpression) (3) and monocyte (soluble CD163 level and cell surface coexpression of CD14 and CD16) activation (3, 4). It is therefore important to better identify the causes of this IA. HIV itself may be one of these drivers. Although HIV RNA levels are below the detection level of routine tests in these patients, most of them still produce low levels of virus, and HIV (glyco)proteins may be detected in their lymph nodes (5). Many HIV components may directly activate the innate immune system. For example, gp120 (6) Nef and Vpr (7) have been reported to directly activate monocytes and macrophages, and gp41 T cells (8). It has also been reported that HIV RNA induces interferon-α production by plasmacytoid dendritic cells via TLR-7 and TLR-9. Moreover, HIV antigens detected by specific B lymphocytes and T cells trigger an adaptive immune response. Finally, even a truncated CD4+ T cell infection may induce caspase-1 activation and IL-1β production in CD4+ T cells (9). In addition, HIV might also favor other causes of IA (10). Thus, Nef protein is also known to interact with the adenosine-triphosphate-binding cassette A1 transporter. This interaction interferes with cholesterol metabolism, and may promote pro-inflammatory metabolic disorders (11). Likewise, HIV-mediated IA might promote immune senescence, which is an additional cause of IA.

Yet authors looking for correlations between residual viremia and IA markers obtained contradictory results. Some authors found a link between residual viremia and inflammation (12), CD4+ T cell activation (13), and monocyte activation (12). By contrast, other authors did not observe such correlations (14–17).

Recent data however argue for a role of persistent viral production in IA. First, in virologic responders, higher levels of the inflammatory markers C-reactive protein (CRP), Tumor Necrosis Factor α (TNFα), IL-6, interferon γ (IFNγ) and/or the monocyte activation marker soluble CD14 (sCD14) have been reported in non-fully adherent patients than in fully adherent patients (18, 19). Second, in elite controllers, who are aviremic in the absence of treatment, intermittent bouts of viremia, so-called blips, are associated with a low CD4/CD8 ratio which is a global marker of IA (20). Moreover, the initiation of ART in these patients reduces CD4+ T cell and CD8+ T cell activation in the blood as well as in the gastrointestinal associated lymphoid tissues (21). Third, switching from a 3-drug regimen to some 2-drug ART regimens may result in an increase in CD8+ T cell counts (22, 23).

Knowing whether low-level viremia is a cause of IA is particularly important at a time when 2-drug regimens rather than 3-drug ART regimens (24), day-on, day-off schedules (25), and intermittent four-days-a-week treatments (26) are being proposed.

In a previous study, we analyzed 64 soluble and cell surface markers of inflammation and CD4+ and CD8+ T cell, B cell, monocyte, NK cell, and endothelial activation in 140 adults under effective ART. A double hierarchical clustering of patients and markers unveiled that these virologic responders had 5 different IA profiles (27). The first profile was characterized by a high percentage of central memory CD8+ T cells, the second by a low CD4:CD8 ratio, the third by frequent HLA-DR+ CD4+ T cells, and the two last profiles by an elevated proportion of CD38-expressing CD8+ and CD4+ T cells, respectively. In this present study, we looked for a link between one of those profiles and residual viremia.



Materials and Methods


Study Design

This cross-sectional observational study has already been previously described (27). We recruited 140 HIV-1-infected adults with CD4 count above 200 cells/µL. Viremia of all participants, under stable ART, was below 50 copies per mL for at least 6 months before inclusion. We also recruited 150 persons with a mean ± SD age of 62 ± 4 years in the general population. Pregnant or breastfeeding women, persons under treatment or presenting a disease likely to modify the immune system were not included. Blood samples for immune profiling were collected once between April 2014 and June 2016. This study was approved by the Ethics Committee of Montpellier University Hospital. All patients provided written informed consent. The trial was registered on ClinicalTrials.gov (NCT02334943).



Immune Activation Markers

Using flow cytometry as previously described (28), we determined cell surface markers for the differentiation, activation, senescence, and/or exhaustion of CD4+ T lymphocytes, CD8+ T lymphocytes, and NK cells. We used ELISA to quantify soluble TNF receptor I (sTNFRI), sCD14 and soluble CD163 (sCD163), tissue Plasminogen Activator (tPA), soluble Thrombomodulin (sTM), and soluble Endothelial Protein C Receptor (sEPCR) and, by turbidimetry, CRP, immunoglobulins (Ig) and D-dimers also as previously reported (28).



Residual Viremia

HIV-1 RNA plasma level was quantified using the Amplicor HIV-1 Monitor test (Roche Diagnostic Systems). The test has a positive threshold of 20 copies/mL, and discriminates samples containing no detectable copies in 1mL from samples containing 1 to 20 copies/mL. We also recorded the percentage of blips, defined as isolated episodes of viremia > 20 copies/mL, within the 2 years preceding the analysis of the immune profile. The frequency of detectable viremia and blips over the 2 last years was determined on 4 to 8 measurements.



Statistical Analysis

Fisher’s exact test or χ2 test was used to compare qualitative covariates. For quantitative covariates, on one hand, when comparing two groups (e.g. undetectable vs detectable viremia), we compared the distributions of covariates using the Student T-test or the Wilcoxon-Mann-Whitney test as appropriate. On the other hand, when comparing profiles together for example (i.e. more than two groups), the comparison was made using Anova or the Kruskal-Wallis H test as appropriate. Correlations were evaluated by Pearson, Spearman or Kendall test as appropriate. Normality was assessed using the Shapiro-Wilk test.

All analyses were performed using R software, version 3.6.1 (R Development Core Team, A Language and Environment for Statistical Computing, Vienna, Austria, 2016. https://www.R-project.org/).
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Results


Study Subjects

HIV-1-infected adults (n = 140), under efficient ART for a mean (SD) duration of 7.9 (4.1) years, were recruited at the University Hospitals of Nîmes and Montpellier, France. Eighty-one percent of patients were male, with a mean age of 56 (9) years. Their pretherapeutic CD4 count and viremia were 199 (119) cells/µL and 1,4372,216 (9,602,969) HIV RHA copies/mL, respectively. Their current mean CD4 count was 733 ± 375 cells/µL, and their CD4/CD8 ratio 1.24 (0.88). ART regimens and co-infections are given in Table 1.


Table 1 | Bioclinical characteristics of the study population.





Residual Viremia

In this study population, the frequency of residual viremia (1-20 copies/mL) at the time of study was 26%. There was no difference, neither in age (56.1 ± 8.5 versus 55.9 ± 10.1 years, p = 0.771), duration of infection (14.5 ± 8.0 versus 16.8 ± 7.7 years, p = 0.168) nor aviremia (7.0 ± 3.5 versus 8.3 ± 4.2 years, p = 0.155), nor in pretherapeutic CD4 count (164 ± 110 versus 159 ± 103 cells/mL, p = 0.980) nor pretherapeutic viremia (4,782,630 ± 20,381,332 versus 530,006 ± 1,733,809 copies/mL, p = 0.831) between patients with detectable and undetectable viremia, respectively. Likewise, no link could be established between residual viremia and the use of nucleoside reverse transcriptase inhibitors (p = 0.999), non-nucleoside reverse transcriptase inhibitors (p = 0.999), protease inhibitors (p = 0.969), or integrase inhibitors (p = 0.900).

The percentage of samples with detectable viremia (1-20 HIV-1 RNA copies/mL) or blips (isolated viremia > 20 HIV-1 RNA copies/mL) during the two years preceding the study was available for 135 out of 140 participants. These percentages of samples with detectable viremia (47.1 ± 21.0% versus 19.0 ± 21.0%, p < 10-4, Figure 1A) and blips (9.8 ± 11.5% versus 2.1 ± 5.9%, p < 10-4, Figure 1B) were higher in patients with detectable viremia than in patients with undetectable viremia at the time of the study.




Figure 1 | Correlations between low-level viremia, blips, and D-dimer plasma levels. Difference for each participant in the frequency where the participant displayed low-level viremia (A) or blips (B) over the two last years between participants with or without current detectable viremia. Difference in circulating D-dimer concentrations between participants with or without current detectable viremia. Statistical analyses were performed using a Mann-Whitney test (C). Correlation between the frequency of blips over the two last years and D-dimer plasma levels. Statistical analysis was performed using Kendall correlation (D).





Relationships Between Residual Viremia and Biomarkers

We determined the numbers and percentages of the following subpopulations: (i) activated (HLA-DR+ and/or CD38+), exhausted (PD-1+), senescent (CD57+, eventually CD27- and CD28-), naïve (CD45RA+CD27+), central and effector (CD45RA-CD27+ and CD45RA-CD27-, respectively) memory CD4+ and CD8+ T cells, (ii) activated (HLA-DR+), dysfunctional (CD56-), and senescent (CD57+) NK cells. Monocyte activation was evaluated by measuring sCD14 and sCD163, and B cell activation by measuring IgM, IgG, and IgA levels. Inflammation was monitored by quantifying sTNFRI and CRP. tPA, sTM, and sEPCR were used as markers of endothelium activation, and D-dimers were used as an indicator of fibrinolysis.

We compared residual viremia and blip frequency, i.e. for each participant, the frequency where the participant displayed low-level viremia or blips during the two last years with each one of these markers. The only link we revealed was with D-dimers. Patients with 1-20 HIV-1 RNA copies at the time of the study presented higher D-dimer levels than patients with undetectable viremia (n = 119, 708 ± 841 versus 411 ± 535 ng/mL, p = 0.015, Figure 1C). Moreover, there was a correlation between blip frequency over the two last years and D-dimer levels (n = 119, Kendall coefficient = 0.190, p = 0.009, Figure 1D). Looking for correlations between D-dimers and patient characteristics as well as other markers, we observed links between the coagulation marker, participant age (r = 0.295, p = 0.001, Figure 2A), pretherapeutic CD4 count (r = -0.182, p = 0.046, Figure 2B), the inflammation markers CRP (r = 0.364, p < 10-4, Figure 2C) and sTNFRI (r = 0.293, p = 0.001, Figure 2D), the monocyte activation marker sCD163 (r = 0.253, p = 0.005, Figure 2E), and the endothelial activation marker sEPCR (r = 0.265, p = 0.003, Figure 2F).




Figure 2 | Correlations between D-dimer level, participant age (A) and pretherapeutic CD4 count (B), CRP (C), sTNFRI (D), sCD163 (E), and sEPCR (F).





Residual Viremia Over Time Is Related to a Specific Immune Activation Profile

We previously reported that two independent hierarchical clustering analyses of the activation markers for the 140 patients had identified 5 groups of individuals presenting different IA profiles (Profiles A to E). Duration of infection and aviremia, nadir CD4, pretherapeutic viral load and CD4:CD8 ratio, as well as age were not different between Profile E and the other Profiles (27). There was differences neither in nucleoside reverse transcriptase inhibitor (p = 0.565), non-nucleoside reverse transcriptase inhibitor (p = 0.999), protease inhibitor (p = 0.165), nor in integrase inhibitor (0.999) usage between Profile E and the other profiles. The only difference was a tendency to a higher proportion of females in Profile E (p = 0. 061) (27). Yet, the frequency of detectable viremia (p = 0.999) or blips (p = 0.278) during the two years were not different between males and females (data not shown).

Interestingly, one of these profiles, Profile D, was linked to microbial translocation (27). We reasoned that another IA profile could be linked to another cause of IA, residual viral production. To test this hypothesis, we compared the frequency of residual viremia and the occurrence of blips over time between the IA profiles. Detectable viremia at the time of the study was more frequent in patients with Profile E than in the other patients (66.7% versus 23.8%, p = 0.011, Figure 3A). The frequency of detectable viremia over the 2 last years was also higher in Profile E patients than in patients with other profiles (39.5 ± 24.7% versus 21.1 ± 22.5%, p = 0.033, Figure 3B). Likewise, previous blip frequency was higher in Profile E patients than in the patients with other profiles (15.1 ± 16.9% versus 3.3 ± 7.2%, p = 0.005, Figure 3C).




Figure 3 | Differences in the frequency of current low-level viremia between the various IA profiles. Statistical analyses were performed using a Kruskal-Wallis H test (A). Differences in the frequency of low-level viremia (B) and blips (C) over the two last years between the various IA profiles. Statistical analyses were performed using a Mann-Whitney test.





Characterization of the Immune Activation Profile Related to Residual Viremia

No difference in duration of infection (p = 0.191) and of viral suppression (p = 0.285), in pretherapeutic viremia (p = 0.881) or CD4 count (0.285), and in age (p = 0.138) was observed between Profile E patients and patients with other profiles (data not shown). Compared with the other patients, Profile E patients had higher CD4 counts (1567 ± 451 versus 669 ± 288 cells/mL, p < 10-4, Figure 4A) and CD4:CD8 ratios (2.79 ± 2.48 versus 1.14 ± 0.57, p < 0.001, Figure 4B). They also presented higher levels of sCD14 (3.76 ± 0.50 versus 3.37 ± 1.08 mg/mL, p = 0.030, Figure 4C) and higher percentages of CD38-positive CD4+ T-cells (73.1 ± 11.4% versus 55.9 ± 12.4%, p < 10-4, Figure 4D) compared with the other patients. Profile E was also characterized by a high level of the endothelium activation marker sEPCR (18 ± 12% versus 10 ± 8%, p = 0.035, Figure 4E). Moreover, in Profile E patients there was a strong link between frequency of detectable viremia over the 2 last years and another endothelium activation marker, tPA (r = 0.687, p = 0.006, Figure 4F).




Figure 4 | Differences in CD4 count (A), CD4:CD8 ratio (B), sCD14 (C), frequency of CD4+ T cells expressing CD38 (D), and sEPCR (E) between healthy donors (HD) and people living with HIV-1 with the five IA profiles. Statistical analyses were performed using a Mann-Whitney test. Correlation between low-level viremia over the two last years and tPA in Profile E participants. Statistical analysis was performed using Spearman correlation (F).






Discussion

It is logical to assume that residual viremia should fuel immune activation in virological responders. Yet, although some authors have indeed found a link between low-level viremia and IA (12, 13), others have not (14–17). This discrepancy might be due to differences in the size and/or bioclinical characteristics of the populations under study, as well as the actual definition of residual viremia. Here, we show that the frequency of detectable HIV-1 RNA and blips over a period of 2 years is associated with a specific profile of IA, Profile E. There may be two explanations for why we observed such a correlation whereas other authors had failed to identify it. First, a 24-month follow-up of viral load is more sensitive than a single measurement. Second, our two-step approach, consisting of clustering IA profiles in the patient population and thereafter looking for correlations between each of these profiles and residual viremia, may have unveiled links which would have been hidden in searches for such links in the global population. For instance, in our study, whereas high sCD14 levels and percentages of CD4+ T cells expressing CD38 characterize Profile E, these markers are not associated with residual viremia when taking into account the 140 participants.

The high circulating concentrations of sCD14 that we observed in Profile E patients is in line with the link between this IA marker and residual viremia reported by other authors (12). This link might be explained by the fact that the presence of viral components within the gut-associated lymphoid tissues might be responsible for local inflammation and thereby an increase in gut permeability facilitating microbial translocation (29). This could thus be a first argument in favor of a causal link between residual viremia and Profile E.

Previously, CD4+ T cell activation has also been found to be associated with residual viremia (13). Here again, it may be the presence of viral components that trigger this form of IA. Indeed, gp41 has been reported to interact with the T cell receptor and to facilitate thereby T lymphocyte activation (8). Moreover, Doitsh et al. observed that the presence of HIV DNA in CD4+ T cell provokes inflammasome activation, even though the viral life cycle is truncated (9). Consequently, CD4+ T cell activation in Profile E patients may be induced by the presence of the virus.

Compared with the other IA profiles, Profile E is also characterized by a high level of sEPCR. sEPCR results from the cleavage of the external portion of the protein C receptor on the surface of endothelial cells activated by thrombin, TNFα, IL-1 or endotoxins (30). An increase in sEPCR has already been reported in HIV infection (31, 32). A decrease in sEPCR under 48-week ART has even been correlated with HIV RNA changes (32). This is in line with the hypothesis that the presence of HIV may provoke EPCR cleavage, and further argues for a model in which Profile E is the consequence of residual viral production.

One consequence of our results is that we now know that residual viremia should be sought in patients with increased proportions of CD38+CD4+ T cell, sCD14 and/or sEPCR. Moreover, in these patients, potential causes of this residual viremia, e.g., non-optimal adherence to treatment or partial resistance to the current antiretroviral regimen, should also be investigated.

Globally, the present data support the idea that, depending on the etiological factor at work, microbial translocation for Profile D patients (27) and residual viremia for Profile E patients (present study), virologic responders develop a particular IA profile. As we have also established that a specific IA profile may be related to a specific comorbidity, insulin resistance (28), we propose a model in which a cause of IA may fuel an IA profile that may favor an IA-related morbidity. To further test this hypothesis, tissue evaluation of the IA, particularly in secondary lymphoid organs, and functional assays would be necessary. According to this model, the fact that we have shown that residual viremia is associated with a marker of monocyte activation (sCD14), two markers of endothelial activation (sEPCR and tPA), and a marker of coagulation (D-dimer), three forms of activation known to favor atherothrombosis (33–35), should encourage us to search for a link between residual viremia and atherosclerosis.
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Background

The mechanisms underlying naïve CD4+ lymphopenia during chronic Hepatitis C Virus (HCV) infection are unclear. Whether direct-acting antiviral (DAA) therapy restores peripheral naïve CD4+ T cell numbers and function is unknown.



Methods

We enumerated frequencies and counts of peripheral naïve CD4+, CD4+CD31+ and CD4+CD31- T cells by flow cytometry in a cross sectional analysis comparing chronic HCV infected (n=34), DAA-treated(n=29), and age-range matched controls (n=25), as well as in a longitudinal cohort of HCV DAA treated persons (n=16). The cross-sectional cohort was stratified by cirrhosis state. Cell apoptosis/survival (AnnexinV+7AAD+/BCL-2 labeling) and cell cycle entry (Ki67 expression) of CD31+ and CD31- naïve CD4+ T cells was analyzed directly ex vivo and following 3 and 5 days of in vitro culture with media, interleukin (IL) -7 or CD3/CD28 activator.



Results

In the cross-sectional cohort, naïve CD4+ proportions were lower in chronic HCV infected persons compared to controls and DAA-treated persons, an effect in part attributed to cirrhosis. Age was associated with naïve cell counts and proportions in HCV infected and treated persons as well. Naïve CD4+ cell proportions negatively correlated with plasma levels of soluble CD14 following therapy in DAA-treated persons. Naïve CD4+ cells from HCV infected persons exhibited greater direct ex vivo apoptosis and cell-cycling compared to cells from DAA-treated persons and controls, and this was localized to the CD4+CD31+ subset. On the other hand, no remarkable differences in expression of BCL-2 or IL-7 Receptor (CD127) at baseline or following in vitro media or IL7 containing culture were observed. In the longitudinal cohort, naïve CD4+CD31+/CD31- ratio tended to increase 24 weeks after DAA therapy initiation.



Conclusions

Activation and apoptosis of peripheral naïve CD4+CD31+ T cells appear to contribute to naïve CD4+ lymphopenia in chronic HCV infection, and this defect is partially reversible with HCV DAA therapy. Age and cirrhosis -associated naïve CD4+ lymphopenia is present both before and after HCV DAA therapy. These findings have implications for restoration of host immune function after DAA therapy.





Keywords: hepatitis c virus infection, naïve cd4+ T cells, apoptosis, lymphopenia, direct-acting antiviral



Introduction

Chronic Hepatitis C virus (HCV) infection is associated with impaired immunity against neoantigens contained in vaccines and new infections (1). Immunity to neoantigens is dependent upon naïve CD4+ T cell recognition of a broad antigen repertoire (2–4), a function primarily executed by CD31 expressing naïve CD4+ T cells that have been demonstrated to contain a polyclonal and diverse T cell receptor (TCR) repertoire (5). Indeed, naïve CD4+CD31+ lymphopenia attributed to age-related thymic involution and subsequently diminished thymic output in the elderly was associated with impaired immunity to vaccines and new infections (6, 7). Along these lines, the poor vaccine responses in chronic HCV infected persons (1) may be partly attributable to the naïve CD4+CD31+ lymphopenia observed in this group (8). Furthermore, the naïve CD4+CD31+ T cells are considered to be enriched for recent thymic emigrants (RTEs) and have greater numbers of TRECs (T cell receptor excision circles); deoxyribonucleic acid (DNA) by-products of TCR gene rearrangement (9). Naïve CD4+CD31+ T cell lymphopenia is associated with low TREC numbers in the elderly and both are biomarkers of thymic function (9, 10). Previous studies have used these parameters to demonstrate low thymic function during ageing and chronic HCV infection (5, 11, 12). Whether chronic HCV infection treatment can improve naïve CD4+ cell numbers, particularly during older age, is not clear. Interferon therapy has been observed to lower naïve CD4+CD31+ T cell counts (13), but the impact of direct-acting antiviral (DAA) interferon-free therapy is unknown and thus addressed here.

CD4+CD31- T cells undergo peripheral homeostatic proliferation, resulting in reduction of TRECs (TRECs are non-replicating and therefore diluted with each cellular division) (14), a distinguishing feature of this naïve CD4+ subset (9, 10). Further, CD4+CD31- T cells possess a significantly restricted and oligoclonal TCR repertoire when compared to the CD4+CD31+ T cells due to deletion of the CD4+CD31- T cells that receive insufficient homeostatic signals (including IL-7), with a resultant net loss of those specific TCRs from the naïve T cell pool (5). Similar to the CD4+CD31+ subset, naïve CD4+CD31- lymphopenia is also observed in chronic HCV and HIV infections (12, 15). However, in contrast to CD4+CD31+ T cell numbers that decline with age, the CD4+CD31- T cell numbers are either stable or increase with age (15, 16), suggesting that distinct mechanisms underlie naïve CD4+CD31+ and CD4+CD31- T cell homeostasis. CD31 is also expressed on CD8+ naïve T cells but at significantly higher levels compared to CD4+ naïve T cells (17) and it is not clear whether CD31 is a reliable marker for CD8+ RTEs since the published literature is not robust (12, 18–20). In the present study, we aimed to understand the impact of chronic HCV infection on absolute counts and proportions of naïve CD4+ T cells and corresponding CD31+ and CD31- subsets before and after DAA therapy and in uninfected controls. We also investigated the relationship between age and numbers of each naïve CD4+ T cell subtype and determined whether this relationship differed before or after DAA therapy. Finally, we evaluated direct ex vivo cell death and cycling, and in vitro response to TCR and interleukin (IL) -7 stimulation to gain insight into mechanisms underlying naïve CD4 lymphopenia.



Methods


Study Population

Study participants provided written informed consent under protocols approved by the institutional review boards for human studies at the Cleveland Veterans Affairs Medical Center and University Hospitals of Cleveland. The cross-sectional study cohort included age-range matched uninfected controls (n=34), chronic HCV infected (n=29) and HCV DAA-treated (n=25, 1-5 years post-therapy start with successful therapy outcome/sustained virologic response (SVR)) participant groups. The longitudinal study cohort included chronic HCV infected persons scheduled for initiation of HCV DAA therapy and were followed up at weeks 0 (Start), 4, 8, and 24 following therapy initiation. Chronic HCV infected persons were positive for HCV antibody (for >6 months) and HCV RNA and were seronegative for HIV (by enzyme-linked immunosorbent assay [ELISA]) and HBV (HBSag negative, HBVcore ab negative). HCV treated persons underwent DAA regimens (primarily Sofosbuvir/Ledipasvir, though also Sofosbuvir/Velpatasvir, Ombitasvir/Paritaprevir/Ritonavir, Dasabuvir/Ombitasvir/Paritaprevir/Ritonavir or Elbasvir/Grazoprevir) depending on the HCV genotype, drug/drug interactions, renal function, and prior treatment experience for a period of 8 or 12 weeks as per standard of care.



Clinical Laboratory and Radiology Investigations

Certified clinical laboratories performed investigations to determine the extent of liver function; aspartate transaminase (AST), alanine transaminase (ALT) and albumin levels and liver damage index; Fibrosis 4 index (Fib-4) score (Age x AST level/Platelet count x √ALT level) and AST to platelet ratio index (APRI). Liver stiffness was determined by transient elastography (TE) in kilopaskals (kPa). Ten consecutive and successful measurements were performed per patient and only those obtained with a success rate of at least 60% and an interquartile range/median value (IQR/M) less than 30% were considered reliable. Cirrhosis status was determined here by participants having a TE score >12.5 kPa, anAPRI >1.5, or a liver biopsy consistent with cirrhosis.



CD4+ T Cell Frequency and Absolute Count

PBMCs were labeled with anti- CD3-PERCP/CD4-Pacific Blue/CD8-APC-CY7/CD27-AF700/CD45RA-PE-CY7/CD31-BUV-395 (BD Biosciences, San Jose, CA). Absolute cell counts were obtained in fresh blood using Trucount™ absolute counting tubes (BD Biosciences, San Jose, CA). Flow cytometric analysis was performed on a BD LSRFortessa (BD Biosciences, San Jose, CA). Compensation was performed using single antibody labeled compensation beads; Live/Dead™ Fixable Aqua Dead cell stain-labeled Amine Reactive compensation beads (Life Technologies Corporation, Eugene, Oregon) and BD™ CompBeads (BD Biosciences, San Jose, CA) for cell-surface marker antibodies and analyzed with FACS DIVA software on the BD LSRFortessa.7 Population-based gating strategy was used to determine lymphocytes that were singlets and live cells, CD3+ T cells were divided into CD4+ and CD8+ subsets and thereafter CD4+ T cell subsets were defined by CD27 and CD45RA expression: naïve (CD27+CD45RA+), central memory (CM, CD27+CD45RA-) and effector memory (EM, CD27+CD45RA-) (Supplemental Figure 1). Naïve CD4+ T cell subsets were further defined as either CD31+ or CD31- based on isotype gating (21).



Naïve CD4+ T Cell Isolation

Memory CD4+ T cells and non-CD4+ T cells were depleted from PBMCs by incubation with CD45RO, CD8, CD14, CD15, CD16, CD19, CD25, CD34, CD36, CD56, CD123, anti-TCRγ/δ, anti-HLA-DR, and CD235a (glycophorin A) antibodies (Miltenyi Biotech, Sunnyvale, CA). Naive CD4+ T cells were isolated using negative selection magnetic bead methods (Miltenyi Biotech, Sunnyvale, CA).



Naive CD4+ T Cell Proliferation, Survival and Cell Death

Purified naïve CD4 T cells were cultured (105 cells/200µL) in the presence and absence of 10 ng/ml of recombinant human IL-7 (Cytheris, Issy-les-Moulineaux, France) or 1 µl of ImmunoCult™ human CD3/CD28 T Cell Activator (Stemcell Technologies, Cambridge, MA) and incubated under conditions of 37°C and 5% CO2 for 5 days per condition. Cells were evaluated at days 0 (baseline), 3 and 5 of culture. Cells were washed and surface labeled in the dark at room temperature for 30 minutes with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific, Waltham, MA) and anti- CD3-PercP/CD4-Pacific Blue/CD8-APC-Cy7/CD27-AF700/CD45RA-PE-Cy7/CD31-BUV395/CD127-BV711 (BD Biosciences, San Jose, CA). Naive CD4+ T cells were identified based on expression of CD3, CD4, CD27 and CD45RA and lack of expression of CD8 markers and subsets were identified based on expression or absence of CD31. For detection of intracellular Ki67 (CD3/CD28 stimulation) and BCL-2 (IL-7 stimulation), cells were surface labeled, fixed, and permeabilized with a saponin-based buffer (BD Biosciences, San Jose, CA), followed by incubation with anti-Ki67-PE or anti-BCL-2- PE (BD Biosciences, San Jose, CA) for 40 minutes on ice. After labeling completion, cells were washed and fixed in phosphate-buffered saline containing 2% formaldehyde, and acquired on the BD LSRFortessa. For detection of apoptotic cells (after IL-7 stimulation), cells were labeled for 15 minutes with anti-AnnexinV-PE and anti-7AAD-FITC in Annexin V Binding Buffer (BD Biosciences, San Jose, CA) and evaluated on the BD LSRFortessa within 30 min of labeling completion.



ELISA

Plasma from HCV infected and DAA-treated persons was assessed for inflammatory markers including soluble cluster of differentiation 14 (sCD14), interferon-inducible protein-10 (IP10), Autotaxin (ATX), sCD163, soluble Tumor Necrosis Factor Receptor II (sTNFRII) and IL-6; homeostatic cytokine IL-7; cytomegalovirus (CMV) IgG, by ELISA

(CMV ELISA kit from Diagnostic Automation/Cortez Diagnostics, Woodland Hills, CA and all other ELISA kits from R&D Systems, Minneapolis, MN).



Statistical Analysis

Differences between two study groups were determined by Mann Whitney test and between two time-points within group by Related-Samples Wilcoxon Signed Rank tests. Associations between continuous variables per group were evaluated using Spearman’s rank correlation coefficient and Linear regression. Inter-group comparisons of linear regression lines were evaluated by covariance analysis. All tests were performed in GraphPad Prism, version 8 or SPSS for Windows v. 24.0 (IBM Corp, Armonk, New York). P value <0.05 considered statistically significant for all tests.




Results


Study Participant Characteristics

In the cross-sectional study, chronic HCV infected (n=34) and DAA-treated (n=29) persons and uninfected controls (n=25) were predominantly male and black (Table 1), consistent with our VA Northeast Ohio Healthcare system. HCV infected persons were age-distribution matched with controls (median 61 vs 59 years, p=0.6) and younger compared to DAA-treated persons (median 61 vs 65 years, p=0.01). The TE score (obtained prior to therapy) was higher in DAA-treated persons compared to active HCV infected persons (median 10.1 vs 5.0, p=0.0003). The HCV genotype 1A was predominant in both cross-sectional and longitudinal cohorts (Table 1). Additionally, features of the longitudinal cohort include an age similar to DAA-treated individuals in the cross-sectional cohort, and TE score similar to the untreated HCV cross-sectional group, and a modestly greater proportion of non-black males.


Table 1 | Clinical characteristics of cross-sectional cohorts.





Naïve CD4+ Lymphopenia Is Associated With Cirrhosis and DAA HCV Therapy Is Associated With Partial Normalization

We previously reported naïve CD4+ and CD4+CD31+ lymphopenia in chronic HCV infection (8). Here, we extended our initial observation, evaluating CD4+ T cell distribution in a cross-sectional cohort of chronic HCV infected (n=34) and DAA-treated (n=29) persons and age-range matched uninfected controls (n=25). In the cross-sectional analysis, naïve CD4+ proportions were lower in HCV infected persons compared to controls (p=0.008) and DAA-treated persons (p=0.01) (Figure 1A) while the CD4+CD31+ and CD4+CD31- proportions were comparable in all 3 groups (not shown). Naïve CD4+ (p=0.03), CD4+CD31+ (p=0.06) and CD4+CD31- (p=0.008) counts were lower in HCV infected persons compared to controls, though similar to DAA-treated persons (not shown). When stratified by cirrhosis status. The cirrhotics displayed lower naïve CD4+ (p=0.02) and CD4+CD31+ (p=0.008) proportions compared to non-cirrhotics in the HCV infected group (Figure 1B). In the DAA-treated group, cirrhotics tended to display lower naïve CD4+CD31+ (p=0.11) proportions compared to non-cirrhotics (Figure 1C).




Figure 1 | Naïve CD4+ proportions are lower in HCV infected persons compared to direct-acting antiviral (DAA) -treated persons and age-range matched uninfected controls and the HCV infected persons with cirrhosis have lower naïve CD4+ and CD4+CD31+ proportions compared to those without cirrhosis before and after DAA therapy. In a cross-sectional cohort study; chronic HCV infected persons (n=34), HCV DAA-treated persons at 1-5 years post-DAA therapy initiation (n=29) and age-range matched uninfected controls (n=25) we compared proportions (%) of lymphocyte gated T cells that were naïve CD4 T cells (CD3+CD4+ CD27+CD45RA+) (A). The HCV infected and DAA-treated groups were stratified by cirrhosis status defined by Transient Elastography scores with cirrhotics: >12.5 kilopaskals (kPa) and non-cirrhotics: <12.5 kPa. Proportions of naïve CD4+ and naïve CD4+CD31+ T cells were assessed (B, C). Mann Whitney p values shown when p<0.05.



In the longitudinal cohort analysis of chronic HCV infected persons before and after DAA therapy initiation (0, 4, 8 and 24 weeks), before therapy naïve CD4+ (p=0.04), CD4+CD31+ (p=0.02) and CD4+CD31+:CD4+CD31- ratio (p=0.03) proportions were lower in HCV infected persons compared to controls Supplemental Figure 2A-C), while CD4+CD31- proportions were higher (p=0.02) compared to controls (not shown). Within 24 weeks of DAA therapy initiation, there was a trend towards increased CD4+CD31+:CD4+CD31- ratios (p=0.18) (Supplemental Figure 2C) and trend for decreased CD4+CD31- frequency (p=0.18) (not shown). Further, before therapy absolute counts of naïve CD4+ (p=0.01), CD4+CD31+ (p=0.007) and CD4+CD31+:CD4+CD31- ratios (p=0.02) (Supplemental Figures 2D–F) and CD4+CD31- (p=0.03, not shown) were lower in HCV infected persons compared to controls. Within 24 weeks of DAA therapy initiation, there was a trend for increased CD4+CD31+:CD4+CD31- ratio (p=0.18) (Supplemental Figure 2F). Proportions of memory CD4+ T cell subsets remained unchanged after DAA initiation (not shown).

Collectively, these data indicate naïve CD4 lymphopenia is present during chronic active HCV infection, is localized to the CD31+ subset, and is more pronounced in those persons with cirrhosis. After therapy, naïve CD4+ and CD4+CD31+ lymphopenia appears partially normalized, though CD31+ subset frequency tends to remain lower in those with cirrhosis. The smaller longitudinal cohort data add further support for these findings.



Age Is Associated With Naïve CD4+ T Cell Proportions in Untreated and Treated HCV Infection

Prior studies indicate that age is negatively associated with naïve CD4+CD31+ proportions in healthy individuals (11, 22, 23). We therefore evaluated the relation between age and naïve CD4 cells here, and determined if HCV treatment state impacted the relationship between age and naïve CD4+, CD4+CD31+ and CD4+CD31- counts and proportions in our cross-sectional cohort. In active HCV infection, age negatively correlated with naïve CD4+ (r=-0.43, p=0.008) and CD4+CD31+ (r=-0.51, p=0.002); proportions and positively correlated with CD4+CD31- proportions (r=0.50, p=0.002) (Figure 2). In the DAA-treated group this correlation between age and CD4+CD31+ (r=-0.44, p=0.02) and CD4+CD31- (r=0.5, p=0.006) subsets was preserved (Figure 2). Similarly, naïve CD4+ (r=-0.41, p=0.01) and CD4+CD31+ (r=-0.49, p=0.004) counts negatively correlated with age in active HCV infection. In DAA-treated persons, the correlation between naïve CD4+CD31+ counts and age (r=-0.40, p=0.03) was preserved. Naïve CD4+CD31- counts were not correlated with age in HCV infected or DAA-treated groups (not shown). Using linear regression, evaluating the interaction between age and naïve CD4+ cell subsets across groups, age associations with naïve CD4+ (p=0.96, -0.55 pooled slope), CD4+CD31+ (p=0.40, -0.74 pooled slope) and CD4+CD31- (p=0.40, 0.74 pooled slope) proportions did not differ between HCV infected and DAA-treated groups (Supplemental Figure 3), consistent with both age and HCV infection status driving naïve CD4+ cell lymphopenia. Naïve CD4+ T cell frequency/count and subset distribution did not differ by HCV genotype, sex or race.




Figure 2 | Age negatively correlates with naïve CD4+ and CD4+CD31+ proportions and positively correlates with naïve CD4+CD31- proportions. The correlations between age and the naïve CD4+, (A, D) CD4+CD31+ (B, E) and CD4+CD31- (C, F) T cell proportions were determined in chronic HCV infected (filled circles, n=34) and HCV DAA-treated (open circles, n=29) individuals. Spearman’s rank sum test was used; p= <0.05 considered significant.





Low Albumin Level, Liver Inflammation, Fibrosis, HCV Level and Soluble CD14 Level Are Associated With Naïve CD4+ and CD4+CD31+ Lymphopenia

Liver disease, regardless of etiology, may result in naïve T cell loss (8, 22, 24). Although splenic sequestration is one possible underlying mechanism (25), other factors may contribute. Chronic HCV infection contributes to liver inflammation and fibrosis, and impaired liver function, which in turn are associated with elevated systemic soluble immune activation markers (26). To better understand mechanisms underlying naïve CD4+ lymphopenia, we evaluated relationships between naïve CD4+ T cell numbers and plasma HCV level, markers of ongoing liver damage (ALT, AST), liver stiffness/fibrosis (TE, APRI, and FIB-4), liver synthetic function (albumin) and markers of systemic immune activation (sCD14, sCD163, ATX, TNFRII, IL-6 and IP-10 plasma levels). IP-10 levels (p=0.002) were elevated in HCV infected persons compared to DAA-treated persons while the levels of sCD14, sCD163, ATX, TNFRII and IL-6 were comparable between the two groups (Supplemental Table 2). FIB-4 score tended to negatively correlate with naïve CD4+ proportions (r=-0.35, p=0.06) and negatively correlated with CD4+CD31+ counts (r=-0.38, p=0.04), while HCV level tended to negatively correlate with naïve CD4+ counts (r=-0.30, p=0.06) in HCV infected persons. TE score negatively correlated with CD4+CD31+ proportions (r=-0.63, p=0.02) in DAA-treated persons. Albumin level positively correlated with CD4+CD31+ counts (r=0.60, p=0.01) in controls and CD4+CD31+ proportions (r=-0.63, p=0.02) in DAA-treated persons. No other correlations were observed in controls. For immune activation markers, sCD14 negatively correlated with naïve CD4+ proportions (r=-0.45, p=0.02) in DAA-treated persons. No correlations were observed for the CD4+CD31- subset. Collectively, naïve CD4+ and CD4+CD31+ lymphopenia was associated with liver inflammation and fibrosis (FIB-4 and TE scores), immune activation (sCD14 level) and low liver albumin synthesis in chronic HCV infection even after DAA therapy.



Ex vivo Apoptosis in Naïve CD4+CD31+ T Cells During Chronic HCV Infection Is Greater Compared to DAA-Treated HCV

To address HCV infection mediated mechanisms of naïve CD4+ T cell homeostasis, we examined two important functions; naïve CD4+ T cell direct ex vivo cell death and their death and capacity to respond to media vs. interleukin-7 (IL-7) in vitro. IL-7 is a homeostatic cytokine that can enhance the peripheral expansion and survival of naïve CD4+ T cells (27, 28), or TCR stimulus. We determined whether DAA therapy for chronic HCV infection was associated with naïve CD4+ T cell survival by direct ex vivo AnnexinV and 7AAD labeling, expression of pro-survival factor BCL-2 and IL-7R (CD127), or response to in vitro IL-7 stimulation. Furthermore, TCR induced activation of naïve CD4+ T cells is the first of three T cell activation signals (in addition to co-stimulation and cytokine-mediated differentiation) and impaired T cell activation following antigenic-stimulation during chronic HCV infection may dampen vaccine responses. We therefore evaluated the capacity of each naïve CD4+ T cell subset to undergo cell cycling (Ki67 labeling) following TCR stimulus before and after treatment of chronic HCV infection.

The early and late stages of cell death can be detected using AnnexinV (binds phosphatidylserine on outer leaflet of plasma membrane of apoptotic cells) and 7AAD (penetrates dead and apoptotic cells to bind double-stranded nucleic acids) respectively. Using AnnexinV and 7AAD, we evaluated the susceptibility of naïve CD4+ subsets to undergo cell death in vivo by examining purified naïve CD4+ cells and PBMCs for direct ex vivo apoptosis in naïve (CD31+ and CD31-) and memory (CM and EM) CD4+ T cell subsets respectively in HCV-infected (n=8) and DAA-treated (n=6) persons and controls (n=8). Cells from HCV infected persons exhibited greater AnnexinV+7AAD- labeling (early-stage apoptosis) in naïve (CD31+ p=0.03, CD31- p=0.04; Figure 3A) and memory (CM p=0.03, EM p=0.005; not shown) T cell subsets compared to DAA-treated persons and controls respectively. Compared to CD4+CD31-, CD4+CD31+ T cells displayed greater AnnexinV+7AAD- and AnnexinV+7AAD+ (late-stage apoptosis) labeling in HCV infected persons (p=0.004, p=0.01) and controls (p=0.02, p=0.04) (Figures 3A, B). These data are consistent with greater AnnexinV+7AAD+ CD4+CD31+:CD4+CD31- T cell ratios in HCV infected persons compared to DAA-treated persons (p=0.04, not shown). We also investigated the spontaneous apoptosis of naïve CD4+ subsets by examining purified CD4+ naïve T cells with or without IL-7 stimulation after 3 days. The IL-7 stimulated CD4+CD31- T cells displayed lower AnnexinV+7AAD+ labeling compared to media treated CD4+CD31- T cells from the HCV infected (p=0.02), DAA-treated (p=0.03) and control (p=0.02) persons while no differences were observed for the CD4+CD31+ T cells (Supplemental Figure 4). Further, media treated CD4+CD31- T cells displayed greater levels of AnnexinV+7AAD- labeling compared to media treated CD4+CD31+ T cells from the HCV infected (p=0.03) and DAA-treated persons (p=0.03) and controls (p=0.008) (not shown).




Figure 3 | Direct ex vivo apoptosis in CD31+ and CD31- naïve CD4+ T cell subsets is greater in HCV infected individuals compared to HCV DAA-treated individuals and uninfected controls and the CD4+CD31+ subset exhibits greater ex vivo apoptosis and cell cycling (Ki67 expression) compared to the CD4+CD31- subset. Magnetic bead purified (negative selection) naïve CD4 T cells from chronic HCV infected (filled circles, n=8), HCV DAA-treated (open circles, n=8) and age-range matched uninfected control (stars, n=7) groups were analyzed by flow cytometry for apoptosis (AnnexinV and 7AAD) (A, B), BCL-2 (C) and cell cycling (Ki67) (D) on naïve (CD27+CD45RA+) CD4+CD31+ and CD4+CD31- T cells. Mann Whitney test was used for comparisons between two groups and between the CD4+CD31+ and CD4+CD31- subsets; p= <0.05 considered significant. NS represents non-significant p values.



To further delineate mechanisms of apoptosis, we examined intracellular levels of pro-survival factor; BCL-2, and Ki67 (cell cycling) in purified naïve CD4+ cells ex vivo. Naïve CD4+ subsets were all BCL-2 positive and the median fluorescence intensity (MFI) enabled the differentiation of the magnitude of BCL-2 expression MFI was comparable in gated naïve CD4+ T cell subsets across the 3 study groups (Figure 3C). Ki67 labeling was greater in CD4+CD31+ compared to CD4+CD31- naïve T cells (p=0.02) in HCV infected persons (Figure 3D). Inter-group comparisons revealed HCV infected persons exhibited greater in CD4+CD31+:CD4+CD31- Ki67+ T cell ratios when compared to DAA-treated persons (p=0.03, not shown). Together, the data demonstrated more enhanced ex vivo early-stage apoptosis in naïve and memory CD4+ T cells in HCV infection compared to treated HCV and controls respectively, and greater ex vivo late-stage apoptosis and cell cycling in CD4+CD31+ compared to CD4+CD31- subsets in HCV infection and controls.



IL-7 Induced BCL-2 Expression in Naïve CD4+ T Cell Subsets Is Greater in Chronic HCV Infected Persons Compared to DAA-Treated Persons

We next investigated if in vitro 5-day stimulation with recombinant IL-7 or CD3/CD28 activator would impact survival (apoptosis and BCL-2 expression), and cell cycling (Ki67 labeling) in our cross-sectional cohort. At Day 5 of IL-7 stimulation, BCL-2 upregulation in CD4+CD31+ cells of HCV infected persons was greater compared to cells of HCV treated persons (p=0.02) and controls (p=0.02, Figure 4A). BCL-2 upregulation in CD4+CD31- cells of HCV infected persons was also greater compared to cells of HCV treated persons (p=0.02), but similar to controls (Figure 4B). To determine if IL-7R (CD127) expression levels contributed to differential IL-7-induced BCL-2 upregulation between the groups, we examined IL-7R (CD127) levels on naïve CD4+ subsets. At baseline (Day 0), IL-7R MFI or positive% of naïve CD4+ subsets were comparable between the 3 study groups. In addition, the CD4+CD31+ subsets displayed greater IL-7R MFI compared to CD4+CD31- subsets in HCV infection (p=0.008) and treated HCV (p=0.03) (not shown). Following 5-day IL-7 stimulus, no inter-group or naïve subset differences in IL-7R down-regulation were observed (not shown). Plasma IL-7 levels were also comparable across groups (not shown).




Figure 4 | BCL-2 expression after IL-7-stimulation was greater in CD31+ and CD31- naïve CD4+ T cell subsets from HCV infected persons compared to naïve CD4+ T cells from HCV DAA-treated persons and uninfected controls, while T cell Receptor-dependent cell cycle entry was similar in naïve CD4+ T cell subsets in all three groups. Magnetic bead purified (negative selection) naïve CD4 T cells from chronic HCV infected (filled circles, n=8), HCV DAA-treated (open circles, n=8) and age-range matched uninfected control (stars, n=7) groups were stimulated with 10ng/ml of recombinant human IL-7 or 1ul anti-CD3/anti-CD28 Activator for 5 days. On 0, 3, and 5 days, flow cytometric analysis of BCL-2 following IL-7 stimulation (A, B) and Ki67 following anti-CD3/anti-CD28 stimulation (C, D) on naïve (CD27+CD45RA+) CD4+CD31+ and CD4+CD31- T cells was performed. Mann Whitney test was used for comparisons between two groups; p= <0.05 considered significant. NS represents non-significant p values.



At baseline (Day 0), no inter-group differences in bulk naïve CD4+ subset Ki67 labeling were observed (Figure 4B), however, Ki67+ CD4+CD31+:CD4+CD31- T cell ratios were greater in HCV infection compared to treated HCV (p=0.03, not shown). Following 5-day TCR stimulus (CD3/CD28), no inter-group differences in naïve CD4+ subset Ki67 labeling were observed (Figures 4C, D). Notably, CD31 expression on naïve CD4+ T cells was similar after stimulation with IL-7 or CD3/CD28 activator, with exception of a modest increase in CD31 after 5 days of CD3/CD28 stimulation for control subject samples (Supplementary Figure for reviewer only.

Overall, IL-7-induced BCL-2 up-regulation in naïve CD4+ subsets was greater in HCV infected persons compared to HCV-treated and control persons, while IL-7R down-regulation was similar across groups. At baseline, cell cycling in CD31+ relative to CD31- subsets was greater in active HCV infection, and no differences in cell cycling were observed between groups before or after TCR stimulus.




Discussion

In the present study, we observed lower naïve CD4+ T cell proportions in chronic HCV infected persons compared to DAA-treated persons and age-range matched uninfected controls. Further, HCV infected persons with cirrhosis displayed lower naïve CD4+ and CD4+CD31+ T cell proportions compared to those without cirrhosis before DAA therapy and this partially normalized when evaluating persons treated with DAA therapy. Results were consistent in the much smaller longitudinal cohort. Age negatively correlated with naïve CD4+ and CD4+CD31+ proportions, and positively correlated with CD4+CD31- proportions before and after HCV DAA therapy. Direct ex vivo apoptosis in naïve and memory CD4+ T cells was elevated in chronic HCV infection, and the CD4+CD31+ subset exhibited greater apoptosis and cell cycling compared to the CD4+CD31- naïve subset. In vitro IL-7-induced BCL-2 upregulation was greater in naïve CD4+ cells from HCV infected persons compared to cells from HCV-treated persons and controls. Taken together, chronic HCV infection state, cirrhosis state, and age impact naïve CD4+ T cell proportions, likely by differing mechanisms. DAA therapy is associated with numerical and fractional normalization of naïve CD4+ lymphopenia. Plausible mechanisms underlying naïve CD4+ lymphopenia attributable to HCV infection include enhanced cellular apoptosis and activation (cycling), more so in the recent thymic emigrant CD4+CD31+ subset.

Naïve CD4+ and CD4+CD31+ T cell lymphopenia in chronic HCV infection was previously reported by our group and others (8, 12, 29). Here, we confirm this prior literature and extend previous reports to the impact of DAA treatment on naïve CD4+ T cell lymphopenia. Before therapy the proportions and counts of naïve CD4+, CD4+CD31+ and CD4+CD31- T cells in chronic HCV infected persons were lower compared to controls. DAA therapy was associated with partial normalization of naïve CD4+ proportions to levels observed in age-range matched controls, with a residual trend toward lower naïve CD4+CD31+ frequencies in cirrhotics compared to non-cirrhotics (Figure 1).

Age is also associated with naïve CD4+ T cell lymphopenia, largely thought to be due to thymic involution and decreased thymopoiesis in older individuals with subsequent reduction of naïve CD4+CD31+ T cell export into the periphery (7, 11). Here, associations between age and both proportions and counts of naïve CD4+ T cells and corresponding subsets were present both before and after DAA therapy, indicating that the age-related mechanisms regulating naïve CD4+ T cell homeostasis are observed regardless of, and perhaps independent of, HCV treatment status, suggesting different mechanisms. Indeed, data provided here indicate HCV mediated cell death of the naïve CD4+ T cell pool, contrasting with reduced thymic output in aged persons. Notably, age was negatively correlated with CD4+CD31+ counts but not correlated with CD4+CD31- counts regardless of HCV infection state, consistent with an age effect selective for the CD31+ subset. Overall, mechanisms of both age- and HCV- driven (reversed with DAA) lymphopenia were operative in our cohorts of chronic HCV infected persons of older age.

Mechanisms underlying HCV-associated naïve CD4+ lymphopenia have not been clearly defined. One potential mechanism is naïve CD4+ T cell anatomic redistribution due to portal hypertension and splenic sequestration (25), however, this does explain the selective association of HCV infection with lymphopenia in the CD4+CD31+ but not CD4+CD31- subset. Alternatively, insufficient DNA (deoxyribonucleic acid) repair enzyme can result in naïve CD4+ T cell accumulation of damaged DNA triggering intrinsic apoptosis and T cell loss during HCV infection (30). Here, since 7AAD binds to intra-cytoplasmic double-stranded nucleic acid fragments in apoptotic cells, the observed enhanced Annexin+7AAD+ labeling of naïve CD4+ T cells (direct ex vivo) from HCV infected persons could be consistent with this mechanism. At the same time direct ex vivo analysis of BCL-2 expression within naïve CD4+ T cells was similar between untreated and treated HCV and control persons, consistent with prior studies in chronic HCV (31–33) and suggesting that alteration of this intrinsic anti-apoptotic mechanism is not likely operative here. In fact in vitro media cultured cell apoptosis (measure of intrinsic resistance to apoptosis) does not appear to remarkably differ between groups but as expected resistance is enhanced by IL-7 culture (34, 35). Notably after IL-7 culture, HCV infected person cells exhibited greater BCL-2 expression compared to HCV-treated person cells, while IL-7-induced IL-7R downregulation was similar in cells from the two groups.

Another potential mechanism of HCV infection associated naïve CD4+ lymphopenia is activation-induced cell death, particularly in the CD4+CD31+ subset, following antigen specific or non-specific activation. In support of this, we observed greater late-stage (AnnexinV+7AAD+) apoptosis and cycling (Ki67 expression) in CD4+CD31+ compared to CD4+CD31- T cells in HCV infected persons and controls. Non-antigen specific naïve CD4+ T cell activation in HCV infection may be mediated by HCV envelope protein E2 interaction with cell surface receptor CD81 on naïve T cells (36) or by soluble immune activation factors secreted by inflamed livers. In support, we observed a negative correlation between sCD14 level (released from activated monocytes and Kupffer cells) and naïve CD4+ proportions in DAA-treated persons. Notably, sCD14 plasma levels were similar between HCV untreated and treated persons, consistent with previous reports (26, 37), raising the possibility that residual liver inflammation after DAA therapy is one possible driver of naïve CD4 lymphopenia, while other factors are likely also involved before DAA therapy. Notably, lower liver biosynthetic function (albumin) and elevated liver inflammation and fibrosis (Fib-4 and TE scores) levels were associated with lower naïve CD4+ and CD4+CD31+ numbers before and after DAA therapy, demonstrating that the long-term effects of HCV infection and advanced liver damage may persist despite HCV cure possibly contributing to mechanisms that interfere with naïve CD4+ T cell homeostasis. Here, cirrhotics exhibited more naïve CD4+ and CD4+CD31+ lymphopenia during HCV infection, a finding that persisted despite effective DAA treatment, consistent with previous reports of CD4+CD31+ lymphopenia during liver cirrhosis regardless of cause (22, 38).

Lastly, the extrinsic apoptotic pathway via surface death receptors (including Fas receptor) may also contribute to naïve CD4+ T cell lymphopenia. HCV infection has been described to associate with greater Fas expression on peripheral bulk T cells, greater serum FasL levels, and apoptosis of bulk peripheral T cells (32, 39, 40). The liver may be one source of peripheral FasL since it is highly expressed within the liver immune cells in HCV infection (41). While these studies did not specifically evaluate naïve CD4+ T cells, it is likely this mechanism contributes here. Indeed, literature from the mouse system suggests naïve T cells may be more susceptible to Fas-mediated apoptosis following antigenic stimulation (33), and this is consistent with our observation of late-stage (Annexin+ 7AAD+) apoptosis in only naïve but not memory CD4+ T cells.

The current study has a number of limitations. The study participants are reflective of the North East Ohio VA population with African-American and male predominance. Female and non-black populations were under-represented and further study is needed to understand how these results extend to the general U.S. population. Investigations of longitudinal changes after DAA therapy initiation were severely limited by small sample size and inconsistent follow-up. Relationships between age and naïve CD4+ T cell numbers in the uninfected controls did not reach significance here, contrasting with published data, also perhaps due to small sample size or additional confounding factors in our sample set. Our measurements were peripheral blood based, and perhaps limited in ability to reflect events within the liver and thymus. However, these results build upon prior literature, focusing here on naïve CD4+ subsets, effects of DAA therapy on naïve CD4+ homeostasis, and mechanisms of cellular activation and cell death associated with DAA treatment status.

In summary, we have described naïve CD4+ T cell lymphopenia and apoptosis, associated with cell cycling in the CD31+ naïve CD4 T cell compartment, that is partially normalized after initiation of DAA therapy in chronic HCV infection. Age related naïve CD4 lymphopenia appears to be the result of alternative mechanism, such as reduced thymic output, and this is superimposed upon the state of chronic HCV infection and apoptosis. The downstream effect of restoration of this compartment after HCV DAA therapy is yet to be determined.
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Supplementary Table 1 | Clinical characteristics of HCV DAA-treated longitudinal cohort. Median (25th;75th percentiles) shown unless otherwise indicated.

Supplementary Table 2 | Soluble markers of systemic immune activation markers of cross-sectional cohorts. Median (25th; 75th percentiles). *Statistically significant (P value <0.05) using Mann Whitney test for unpaired comparison. **Samples not available for full cohort

Supplementary Figure 1 | Flow cytometry gating strategy for naïve CD4+ T cells and corresponding subsets.

Supplementary Figure 2 | Naïve CD4+, CD4+CD31+ and CD4+CD31- proportions and counts are lower in HCV infected individuals compared to age-range matched uninfected controls and initiation of direct-acting antiviral (DAA) therapy tended to increase naïve CD4+ and CD4+CD31+ but not CD4+CD31- counts. In a longitudinal cohort study, chronic HCV infected individuals were treated with 8 or 12 weeks of DAA therapy and followed from baseline (start; n=16) to time-points after DAA therapy initiation; Weeks 4 (n=13), 8 (n=6) and 24 (n=6). Proportions (A–C) and counts (D–F) of naïve CD4+ T cells (A and D), CD4+CD31+ T cells (B, E) and CD431+:CD31- T cell ratios (C, F) were assessed. Age-range matched uninfected controls (n=25) we compared for each T cell parameter. Wilcoxon signed rank test was used for paired comparisons between two time points; p= <0.05 considered significant.

Supplementary Figure 3 | The degree of association between age and the naïve CD4+, CD4+CD31+ and CD4+CD31- proportions does not significantly differ before and after HCV DAA therapy. The associations between age and the naïve CD4+, CD4+CD31+ and CD4+CD31- T cell proportions in the chronic HCV infected (filled circles, n=34) and HCV DAA-treated (open circles, n=29) groups and the differences between the two study groups were determined. R and p values for correlations within each group (HCV infected and HCV treated) are shown, and p values to determine differences in correlations between groups are shown. We can discuss whether we want p value for y axis intercept as well. The Linear regression test was used.

Supplementary Figure 4 | The naïve CD4+CD31- T cells undergo spontaneous apoptosis at higher levels compared to the naïve CD4+CD31+ T cells before and after HCV DAA therapy and in absence of HCV infection. Magnetic bead purified (negative selection) naïve CD4 T cells from chronic HCV infected (filled circles, n=4), HCV DAA-treated (open circles, n=4) and age-range matched uninfected control (stars, n=5) groups were stimulated with or without 10ng/ml of recombinant human IL-7 for 3 days. On third day, flow cytometric analysis for apoptosis (AnnexinV and 7AAD) on naïve (CD27+CD45RA+) CD4+CD31+ (A) and CD4+CD31- (B) T cells was performed. Mann Whitney test was used for comparisons between two groups; p= <0.05 considered significant.

Supplementary Figure 5 | CD31 expression on naïve CD4+ T cells is mostly stable during in vitro stimulation with recombinant IL-7 or CD3/CD28 activator in cells from HCV infected and DAA-treated persons. Magnetic bead purified (negative selection) naïve CD4 T cells from chronic HCV infected (filled circles, n=8; A, D), HCV DAA-treated (open circles, n=8; B, E) and age-range matched uninfected control (stars, n=7; C, F) groups were stimulated with 10ng/ml of recombinant human IL-7 (A–C) or 1ul anti-CD3/anti-CD28 Activator (D–F) for 5 days. On 0 (direct ex vivo), 3, and 5 days, flow cytometric analysis of CD31 expression on naïve (CD27+CD45RA+) CD4+ T cells was performed. Mann Whitney test was used for comparisons between two groups; p= <0.05 considered significant.
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The intestinal epithelial layer serves as a physical and functional barrier between the microbiota in the lumen and immunologically active submucosa. Th17 T-cell function protects the gut epithelium from aggression from microbes and their by-products. Loss of barrier function has been associated with enhanced translocation of microbial products which act as endotoxins, leading to local and systemic immune activation. Whereas the inflammatory role of LPS produced by Gram-negative bacteria has been extensively studied, the role of fungal products such as β-D-glucan remains only partially understood. As HIV infection is characterized by impaired gut Th17 function and increased gut permeability, we critically review mechanisms of immune activation related to fungal translocation in this viral infection. Additionally, we discuss markers of fungal translocation for diagnosis and monitoring of experimental treatment responses. Targeting gut barrier dysfunction and reducing fungal translocation are emerging strategies for the prevention and treatment of HIV-associated inflammation and may prove useful in other inflammatory chronic diseases.
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Introduction

Gut damage and increased gut permeability constitute hallmarks of both acute and chronic phases of HIV infection (1, 2). CD4+ T cells loss in the gut mucosa, including interleukin (IL)-17-producing T-helper cells (Th17), disturbs mucosal homeostasis and contributes to epithelial gut damage (3). HIV-associated loss of epithelial integrity induces the non-physiological passage of microbial by-products from the gut lumen into the systemic circulation, referred to as microbial translocation. Brenchley et al. first reported in 2006 that increased plasma levels of the Gram-negative bacterial cell wall antigen lipopolysaccharide (LPS) triggers systemic immune activation in both people living with HIV (PLWH) and SIV-infected rhesus macaques (2), and eventually contributes to disease progression in PLWH (4–8). Moreover, in macaque models, gut epithelium damage precedes immune activation (9). Although antiretroviral therapy (ART) successfully controls HIV replication and prevents AIDS, the gut epithelium is not fully repaired in long-term ART-treated PLWH (4, 10, 11). As such, microbial translocation persists along with systemic immune activation in ART-treated PLWH (4, 12–15). This chronic inflammation in ART-treated PLWH likewise increases the risks of non-AIDS comorbidities such as cardiovascular and metabolic diseases, neurocognitive dysfunction and cancer (16). Therefore, understanding the link between epithelial gut damage and systemic immune activation in PLWH is crucial in both ART-naïve and ART-treated PLWH.

On the luminal side of the gut epithelium lives a complex microbiota. Different in almost every individual, the gut microbiota composition is well-controlled by both the microbiota itself and the host. Composed of bacteria, fungi, archaea, protozoa and viruses, the microbiota plays key physiological and immune roles through the metabolism of different nutrients, regulation of the immune system and control of pathogen invasion. Yet, microbiota composition studies predominantly focus on bacteria. As such, microbial translocation of bacterial products such as LPS is primarily studied alongside the subsequent immune response, quantified by host factor soluble CD14 (sCD14) produced by macrophages/monocytes in response to LPS stimulation, and LPS-binding protein (LBP) mostly produced by the liver in the presence of LPS.

Fungal mass constitutes the second player after bacterial mass in the composition of gut microbiota. Fungi are thus found in the gut of all healthy individuals and PLWH (17, 18), with Saccharomyces cerevisiae, Malassezia restricta and Candida albicans being the most often found in stools. As such, one can hypothesize that fungal product would also translocate into the circulation in the presence of a leaky gut. (1→3)-β- D-Glucan BDG is a major cell wall component of most fungi and is used as a clinical biomarker for diagnosing and managing invasive fungal infection (IFI). Although other cell wall molecules such as mannans and galactomannans are also common across fungi species colonizing humans, BDG is the only marker associated with fungal translocation in PLWH. Morris et al. first showed elevated plasma levels of BDG in PLWH in 2012 (19). Since then, several other groups including ours reported an association between BDG and epithelial gut damage, immune activation, inflammation, and risk of developing non-AIDS comorbidities (4, 15, 20–24). These findings suggest a significant role for BDG in chronic immune activation and the development of non-AIDS comorbidities in PLWH, although the mechanisms involved remain poorly understood.

The development of non-AIDS comorbidities despite long-term ART represents the main concern in care for PLWH (16, 25–27). As fungal translocation appears to play a key role in immune activation, understanding mechanisms behind this phenomenon could help in designing novel therapies aiming at improving the quality of life of ART-treated individuals. Herein, we delve into the literature regarding the contribution and mechanism by which fungal translocation induces systemic immune activation and non-AIDS comorbidities in PLWH.



Evidence of Gut Leakage of Fungal Products in Animal Models

Fungi are peaceful colonizers of the skin but also lungs and genital tract of most mammals including humans. They’re also naturally present in the gut microbiota in absence of invasive fungal infection (IFI) (28). However, fungal products that are found in the blood usually result either from IFI or from translocation of fungal products predominantly from the gut (17, 18, 29–31).

The gastrointestinal tract (GI) encompasses multifaceted physical and immunological barriers preventing translocation of microbes and their by-products, while allowing for the absorption of nutrients. The gut mucosa is protected by both physical and immune components: the mucus and epithelial tight junctions on the apical pole of intestinal cells form a physical barrier; patrolling leukocytes in the lamina propria constitute an immune barrier ensuring that any translocated pathogens are phagocytosed, cleared, and/or transferred to mesenteric lymph nodes.

Fungi in the gut microbiota are abundant in mammals and play key roles in the balance between bacteria and other communities, as well as immune development in mice (32, 33). Animal models of gut damage that are frequently used include oral treatment with Dextran sulfate sodium (DSS), which impairs the gut epithelium and creates an experimental colitis (34). Upon DSS treatment, fungal products were found in the systemic circulation in different mice models (35, 36). Moreover, translocated fungal products, including BDG, were shown to participate in inflammation (37).

These mouse models suggest that upon gut damage, microbial translocation of fungal products occurs and participates in inflammation induction. As fungi are also present in the gut microbiota of non-human primates, studies could be performed to confirm the origin of translocated fungal products in different pathologies (31, 38).



Evidence of Gut Leakage of BDG in People Living With HIV

Increased gut permeability is a hallmark of HIV infection and has been shown to increase microbial translocation and inflammation (2). Markers of gut damage, Zonulin and intestinal fatty acid binding protein (I-FABP), as well as the marker of gut permeability regenerating islet-derived protein 3-α (REG3α) were found at higher levels in PLWH (10, 39). Beside translocation of bacterial products, higher circulating levels of fungal products were also found in PLWH, suggesting microbial translocation of fungal products (reviewed in Table 1).


Table 1 | Main studies assessing the influence of fungal translocation in people living with HIV.



Morris et al. were the first to report elevated levels of fungal product BDG in the blood of PLWH, grouping together ART-treated and viremic untreated individuals (19). Clinically, higher circulating BDG levels were associated with absence of ART, higher viral load and lower CD4 T-cell count (19).

Weiner et al. found lower levels of BDG in PLWH compared to uninfected controls, although high levels of BDG were also found in the control group (24). Interestingly, this study also showed no difference in levels of anti-Saccharomyces antibodies (ASCA) between both groups (IgG and IgA).

We previously compared plasma levels of distinct gut damage and microbial translocation markers in different groups of PLWH without IFI and showed that plasma levels of BDG were higher in PLWH compared to uninfected controls, while galactomannan levels were low and similar between both groups. We also found higher levels of BDG in chronically infected PLWH compared to those in the early phase of the infection (4). Surprisingly, BDG levels were not statistically lower in ART-treated PLWH compared to their ART-naïve counterpart. Moreover, those levels correlated with markers of gut damage I-FABP and gut permeability REG3α in PLWH and uninfected controls, in accordance with the hypothesis that fungal translocation originates from gut microbiota (4, 10). Also, BDG and LPS levels correlated, and both were hypothesized to originate from the gut. Moreover, after a 2-year follow-up, PLWH not taking ART had increased levels of blood BDG levels, while those treated during the early phase of the infection had stable BDG levels (4). Early ART initiation was also associated with lower BDG levels, suggesting that early ART decreases the magnitude of gut damage and prevents further BDG translocation. All in all, these results demonstrated that fungal BDG translocation occurs in PLWH and suggest that these molecules originate from the gut.



Validating BDG as a Marker of Microbial Translocation in PLWH

Recent findings tend to validate BDG as a marker of microbial translocation. Indeed, BDG can be found in several types of food including oatmeal, mushrooms, and seaweed. One would expect that increased intake of food rich in BDG might lead to its increased absorption. Therefore, Hoenigl et al. designed a clinical trial where people were fed with high-BDG food in a controlled environment (41). This study included participants with advanced HCV-associated liver cirrhosis as positive controls, as those patients have elevated microbial translocation levels (46–49). Other included participants constituted of PLWH with detectable viral loads, ART-suppressed PLWH, and HCV negative/HIV negative controls. Although BDG testing of the BDG-rich food confirmed an elevated concentration, no significant variation of plasma BDG levels were detected in any participants up to 8 hours after food intake. This study strengthened the hypothesis that translocated BDG is originating from fungal communities in the GI tract rather than from food intake.

In addition, we also demonstrated that BDG levels were stable throughout 24 hours in ART-treated PLWH, as opposed to LPS levels (44). Interestingly, LPS levels increased after lunch and dinner, and decreased during the night, while BDG levels were stable over 24 hours. Although we were not able to exclude a circadian regulation mechanism, we hypothesized that detoxification of LPS might explain its variation. Indeed, BDG levels were stable upon ART initiation in PLWH, when gut damage marker levels decreased, suggesting that translocated BDG is not detoxified as efficiently as LPS (11, 50).



Consequences of BDG Translocation in PLWH


Inflammation

Translocated products are recognized by the immune system as pathogen-associated molecular patterns (PAMPs) and induce inflammation. As such, several studies found associations between BDG and inflammation or immune-activation markers in PLWH.

Morris et al. found that participants with higher BDG levels had increased circulating levels of inflammatory cytokines IL-8 and tumor necrosis factor α (TNF-α), as well as higher levels of activated CD8 T-cells in ART-naïve and ART-treated PLWH (19).

Interestingly, in PLWH in the primary phase of the infection starting ART, circulating BDG, but not LPS, levels were inversely associated with gut colonization of Lactobacilli, which are associated with reduced colon inflammation (23). This association was demonstrated 12 weeks after ART initiation and tended to persist 12 weeks later.

In ART-treated PLWH, Hoenigl et al. found that BDG levels, although in the normal range (below 60 pg/mL), were associated with plasma levels of Neopterin, a marker of inflammation, and tended to correlate with plasma levels of pro-inflammatory cytokines IL-6 and IL-8 (15). However, no association between BDG levels and the marker of bacterial-related inflammation sCD14 could be observed.

Higher BDG levels have been associated with markers of disease progression: in ART-naïve PLWH, we found an association between viral load and BDG, but not LPS levels (4). Furthermore, in both ART-naïve and ART-treated PLWH, BDG levels were associated with lower CD4 count and lower CD4/CD8 ratio, indicating a link between BDG translocation and markers of disease progression.

BDG levels were also associated with pro-inflammatory cytokines IL-6, IL-8 and CXCL13 in blood, as well as the frequency of activated blood CD4 and CD8 cells (4, 51) (Table 1). Moreover, Weiner et al. showed that levels of BDG, but not ASCA, in PLWH correlated with inflammation markers such as IP-10, IL-6, markers of monocyte/macrophage activation sCD14 and sCD163 and percentage of activated CD4 and CD8 T-cells (24).

In Ugandan ART-treated children, BDG levels were also elevated compared to HIV-exposed or unexposed children (42, 43). Also, BDG levels were associated with levels of the soluble TNF-receptor, another marker of inflammation (42).

Van der Heijden reported that PLWH with higher levels of BDG exhibited higher plasma levels of the inflammatory marker IL-1β, as well as higher response of monocytes to imiquimod or Mycobacterium tuberculosis stimulations (14).

Altogether, these findings indicate that fungal translocation of BDG is associated with inflammation, in both ART-naïve and ART-treated individuals, possibly participating in disease progression.



Non-AIDS Comorbidities

Persisting inflammation, even in ART-treated PLWH, is associated with increased risk of developing non-AIDS comorbidities including cardiovascular and metabolic diseases, and neurocognitive dysfunction. As translocation of fungal products has been associated with inflammation, the link between BDG and those comorbidities was investigated in several studies.

In 2018, Hoenigl et al. performed a cross sectional analysis of 451 PLWH, followed up to 11 years after ART initiation, and looked at the frequency of non-AIDS comorbidities, including myocardial infarction or stroke, non-AIDS malignancy or serious bacterial infection, or death from a non-AIDS related event. Among other markers of inflammations, only blood levels of soluble urokinase plasminogen activator receptor (suPAR), a marker of T-cell and monocyte activation, as well as BDG, were associated with non-AIDS comorbidity occurrence (40). Interestingly, only post-ART and pre-comorbidity BDG levels were associated with development of those comorbidities, independently of CD4 count but not smoking status pre-event.

Morris et al. found that PLWH with higher BDG levels had higher frequency of cardiopulmonary abnormalities including reduced diffusing capacity for carbon monoxide, higher pulmonary artery systolic pressure and increased tricuspid regurgitant jet velocity (19).

We also showed an association between plasma BDG levels and subclinical coronary atherosclerosis plaque in ART-treated PLWH but not uninfected controls, independently of age sex and other typical factors. Interestingly, we found that BDG levels were more strongly associated with plaque prevalence than age, smoking habits, hypertension, statin use or obesity (45).

Moreover, a study assessing metabolic and weight changes showed that after ART-initiation, blood BDG levels increased two years after ART initiation, and were associated with larger trunk and total body fat accumulation (20).

Several studies have shown a link between BDG levels and cognitive functions in PLWH. Plasma BDG levels were associated with Global Deficit Score in ART-treated PLWH (22). Interestingly, this study showed that the 2 participants (out of 21) who had the worst deficit were also the only ones with elevated BDG levels in cerebrospinal fluid. Also, although IL-8 levels in plasma were associated with the deficit score, no correlation between BDG levels and IL-8 levels was observed in this study (22). The same team expanded such findings in 61 ART-treated PLWH and found that suPAR and BDG plasmatic levels were associated with the Global Deficit Score, independently of CD4 T-cell count (21) (Table 1).

Although BDG appears as a new marker of non-AIDS comorbidities, current observations rely on associations only. More studies are thus needed to puzzle out the mechanism linking fungal translocation and comorbidities.




Detection of Fungal Products in PLWH—Insights on Mechanisms

Fungal PAMPs induce inflammation following their detection by pattern recognition receptor (PRRs) expressed on different cell types. Fungal PRRs include C-type lectin receptors such as Dectin-1, Toll-like receptor 2, integrins, scavenger receptors, and hyaluronic acid receptors (52). The receptor ephrin type-A receptor 2 (EphA2) has also been shown to mediate detection of fungal BDG in the mouth and upper GI, inducing protective innate immunity (53). EphA2 is also expressed at lower levels throughout the gut. Whether this receptor is implicated in fungal product induction of inflammation in PLWH has not been elucidated yet.


Effect on Antigen Presenting Cells and Neutrophils

Antigen presenting cells (APCs) are specialized in the detection of pathogens through conserved PAMPs, allowing the development of appropriate immune responses. APC include dendritic cells, macrophages/monocytes, and B cells, and are highly abundant in tissue, notably in the gut.

APCs can sense fungi through different receptors including Dectin-1, Toll-like receptor 2 (TLR2) and Complement receptor 3 (CR3) (Figure 1).




Figure 1 | Influence of β-D-Glucan in people living with HIV. In the gut lumen, Saccharomyces Cerevisiae and Candida albicans are largely present in the microbiota. Upon HIV-associated epithelial gut damage, fungal products such as β-D-Glucan (BDG) translocate in the mucosa. BDG is recognized by immune cells through Toll-like receptor 2 (TLR-2), Dectin-1, complement receptor 3 (CR3) or NKp30, activating immune cells and inducing inflammation. Persisting inflammation has been associated with disease progression in people living with HIV (PLWH) not taking antiretroviral therapy (ART), and with increased risk of non-AIDS comorbidities in ART-treated PLWH.



Dectin-1 is the main receptor interacting with BDG on macrophages, monocytes, dendritic cells, B-cells, and neutrophils (54–57). Expressed at the cell surface, Dectin-1 recognizes circulating or membrane-bound BDG, activating the NF-κB pathway through activation of the CARD9/BCL10/MALT1 complex.

TLR2 is expressed on Dendritic cells, macrophages, and monocytes, and also activates the NF-κB pathway through activation of MyD88 upon recognition of soluble or particulate BDG.

Both stimulation of Dectin-1 and TLR2 on macrophages and monocyte induce the secretion of pro-inflammatory cytokines such as IL-6, IL-8, TNF-α, as well as anti-inflammatory mediator IL-10 (55) (Figure 1). It is worth noting that stimulation of monocytes with BDG induced internalization of Dectin-1 and decreased its surface expression as soon as 30 min after stimulation (54, 55). Size of BDG molecules play a key role in the induction of inflammatory responses, with larger-sized BDG inducing higher IL-1β, IL-6 and IL-23 secretion compared to smaller-sized BDG. However, secretion of chemokines involved in recruitment and maturation of T-cells was not affected by BDG size (58).

CR3 can also trigger BDG recognition on macrophages, monocytes, and neutrophils. However, neutrophils recognize BDG through CR3 only after opsonization with complement (59).

In vitro or animal models indicated that APC and neutrophils secrete inflammatory cytokines when stimulated by BDG, however the indication of such direct effect in PLWH is still lacking. As an initial foray, we found that circulating levels of BDG, but not LPS, inversely correlated with Dectin-1 expression on monocytes in PLWH (4), suggesting a direct interaction between BDG and its receptor Dectin-1 on monocytes. To validate this mechanism, we stimulated PBMC in vitro with Saccharomyces Cerevisiae-extracted BDG and found decreased Dectin-1 expression on monocytes at 24 and 48 hours. LPS did not induce such variation [personal communication (60)]. Moreover, stimulation of monocytes and macrophages with BDG was shown to primarily induce IL-1β and IL-8, which correlated with BDG levels in plasma samples in PLWH.



Detection by NK Cells

NK cells are a key player of innate immunity responsible for eliminating infected cells, cancer cells, as well as fungi. The main fungal receptor on NK cells is NKp30, also called Natural cytotoxicity triggering receptor 3 (NCR3). Recent work has shown that NKp30 recognizes membrane bound BDG, allowing elimination of fungal cells. NKp30 is required for elimination of Cryptococcus in a mouse model (61, 62). As such, NKp30 is the PRR responsible for direct recognition of fungus and BDG by NK cells. Unexpectedly, soluble BDG also binds to NKp30, activating NK cells and allowing the secretion of cytotoxic molecules Perforins and Granzymes (61, 62). Addition of BDG to NK increased Candida-killing activity. Earlier, this group showed that NKp30 surface expression is reduced on NK cells from ART-treated PLWH (62). We later confirmed those results in both ART-naïve and ART-treated chronically infected PLWH and also found that surface NKp30 expression was negatively correlated with circulating BDG but not LPS levels (4). In vitro, stimulation with S. Cerevisiae-extracted BDG but not with LPS decreased NKp30 expression at 24 and 48h (60), confirming the direct role of BDG in reducing NKp30 expression. Reduced NKp30 expression was associated with lower cytotoxic function against fungi and cancer cells (61–63).

Altogether, these findings indicate that BDG has a direct stimulating role of NK cells, including in PLWH on ART. This could lead to inflammation and decreased efficiency in infection or cancer suppression, leading to increased non-AIDS comorbidities.



BDG and Trained Immunity in HIV

Recent findings have put fungal products under the spotlight as they robustly induce trained immunity. This type of innate immune memory has been shown to be induced by β-glucans (including BDG) and BCG vaccines (64, 65). Trained immunity is defined as the process by which a stimulation programs a cell to respond with greater efficiency to a second stimulation after returning to steady state following the first stimulation. Trained immunity is functionally different from priming and differentiation and opposed to tolerance (64). In animal and human models, BDG has been shown to activate immune cells, especially monocytes, and induce epigenetic changes allowing those cells to respond with greater intensity to a second stimulation. Trained immunity is not antigen restricted as it potentiates the response to subsequent stimuli differently from the first antigen encounter and has been shown to act throughout the body via modulation of hematopoiesis and cell trafficking.

Whether translocated BDG plays a role in inducing trained immunity in PLWH is still unknown. In 2020, Van Der Heijden identified a link between circulating BDG levels and a trained immunity phenotype in ART-treated PLWH (14). Whether this phenotype is induced by trained immunity or priming of monocytes will have to be elucidated in further studies.

However, several indications lead to the hypothesis that this trained immunity is unlikely in PLWH. The first clue concerns the dynamics: most models of trained immunity require the removal of the initial stimulus to potentiate a second response, while BDG persists chronically even at low levels in PLWH. The second clue relies on the complexity of microbial translocation in PLWH: BDG translocation is accompanied by other microbial products such as LPS, inducing various inflammatory signals, while trained immunity has been shown to mostly rely on single instances of antigenic stimulation with β-glucans or BCG. The last hint is clinically relevant: glucan-induced trained immunity has been shown to increase protective responses to diverse infections and cancer, while PLWH have increased risks of both infection and cancer. However, trained immunity could also participate in sustained chronic inflammation such as in atherosclerosis, notably through the recognition of oxidized low-density lipoprotein particles (66). Indeed, BDG levels have been linked with cardiovascular disease in PLWH (19, 40, 45).

Hence, and due to the difficulty in deciphering priming from trained immunity, the influence of microbial translocation of BDG on trained immunity in PLWH should be assessed in future studies.




Targeting Fungal Translocation in PLWH

We and others have shown that starting ART as early as possible appears to stabilize BDG levels, in accordance with current guidelines recommending ART initiation as soon as the diagnostic is confirmed (4, 20). Therefore, as fungal translocation has been associated with inflammation and non-AIDS comorbidities in ART-treated PLWH, strategies targeting fungal translocation are needed.

Treatment with the antifungal agent fluconazole in ART-treated PLWH with neurocognitive disorders barely changed levels of markers of inflammation IL-1α, IL-6, IL-8 and IP-10 (67). However, levels of fungal products translocation have not been assessed in this study, rendering it difficult to draw conclusions on the effect of anti-fungal treatment on fungal microbial translocation.

Specific strategies have not been developed to prevent microbial translocation of fungal products in ART-treated PLWH. Fecal microbiota transplantation (FMT) could influence the mass of the mycobiome and allow improvement of gut epithelium integrity, reducing fungal translocation (68). Although several pilot trials of FMT have been initiated in PLWH, few have studied fungal translocation before and after treatment. In 2020, a study by Utay et al. consisting in six weekly FMT rounds in six ART-treated PLWH reported neither significant variations of circulating BDG levels, nor changes in inflammation and gut permeability markers I-FABP (69).

However, BDG levels have been used as markers of translocation in several other clinical trials:

In one study, metformin was expected to decrease inflammation in ART-treated PLWH (70, 71). Pilot results showed that 3 months of metformin treatment in addition to ART slightly decreased the marker of inflammation sCD14, but did not decrease LPS nor BDG translocation (72).

In a randomized placebo-controlled double-blind study, dipyridamole treatment was shown to increase extracellular adenosine levels and decrease CD8 T-cell activation in ART-treated PLWH (73). However, this treatment did not modify BDG levels in either group (74).



Conclusion

Translocation of fungal products, mainly inferred from BDG levels in the blood, has been shown to be associated with inflammation and comorbidities in PLWH. Whether BDG contributes directly to inflammation remains unknown, although assessment of BDG-receptors in PLWH pledges in this favor. Further studies are required to examine the role of fungal translocation in PLWH, especially those receiving ART. Overall, BDG appears as a robust biomarker of microbial translocation linked with inflammation and non-AIDS comorbidities in PLWH. Targeted strategies are critically needed to reduce the contribution of fungal translation to inflammation in PLWH, and eventually improve the quality of life of this population.
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Background

Despite successful ART in people living with HIV infection (PLHIV) they experience increased morbidity and mortality compared with HIV-negative controls. A dominant paradigm is that gut-associated lymphatic tissue (GALT) destruction at the time of primary HIV infection leads to loss of gut integrity, pathological microbial translocation across the compromised gastrointestinal barrier and, consequently, systemic inflammation. We aimed to identify and measure specific changes in the gastrointestinal barrier that might allow bacterial translocation, and their persistence despite initiation of antiretroviral therapy (ART).



Method

We conducted a cross-sectional study of the gastrointestinal (GIT) barrier in PLHIV and HIV-uninfected controls (HUC). The GIT barrier was assessed as follows: in vivo mucosal imaging using confocal endomicroscopy (CEM); the immunophenotype of GIT and circulating lymphocytes; the gut microbiome; and plasma inflammation markers Tumour Necrosis Factor-α (TNF-α) and Interleukin-6 (IL-6); and the microbial translocation marker sCD14.



Results

A cohort of PLHIV who initiated ART early, during primary HIV infection (PHI), n=5), and late (chronic HIV infection (CHI), n=7) infection were evaluated for the differential effects of the stage of ART initiation on the GIT barrier compared with HUC (n=6). We observed a significant decrease in the CD4 T-cell count of CHI patients in the left colon (p=0.03) and a trend to a decrease in the terminal ileum (p=0.13). We did not find evidence of increased epithelial permeability by CEM. No significant differences were found in microbial translocation or inflammatory markers in plasma. In gut biopsies, CD8 T-cells, including resident intraepithelial CD103+ cells, did not show any significant elevation of activation in PLHIV, compared to HUC. The majority of residual circulating activated CD38+HLA-DR+ CD8 T-cells did not exhibit gut-homing integrins α4ß7, suggesting that they did not originate in GALT. A significant reduction in the evenness of species distribution in the microbiome of CHI subjects (p=0.016) was observed, with significantly higher relative abundance of the genus Spirochaeta in PHI subjects (p=0.042).



Conclusion

These data suggest that substantial, non-specific increases in epithelial permeability may not be the most important mechanism of HIV-associated immune activation in well-controlled HIV-positive patients on antiretroviral therapy. Changes in gut microbiota warrant further study.





Keywords: HIV, CD4, antiretroviral therapy (ART), gut-associated lymphoid tissues (GALT), microbiome



Introduction

Chronic HIV-1 infection is associated with persistent elevated systemic immune activation, including increases in levels of pro-inflammatory cytokines (1), lymph node germinal centre activity, immunoglobulin secretion by B-cells (2, 3) and activation and increased turnover of T-cells (4), particularly including target CCR5+ CD4 T-cells (5). A proposed cause for this is gut microbial translocation, which is the pathological translocation of luminal micro-organisms from the gastrointestinal tract (GIT) to the portal and systemic circulation as a consequence of depletion and impaired reconstitution of gut-associated lymphoid tissue (GALT) CD4 T-cells (6, 7).

Effects of HIV in the GIT include epithelial apoptosis (8, 9) and loss of epithelial barrier integrity (10, 11) with evidence of increased epithelial tight junction permeability (12, 13). Focal loss of CD4 T-cells in the mucosa (14–16) and dysregulation of T-cell subtypes (17–20) have also been implicated. Microbial translocation is believed to lead to systemic immune activation, seen as a correlation between plasma LPS levels and circulating activated CD38+HLA-DR+ CD8 T-cells (7). Furthermore, gut microbiome composition correlates with increased immune activation in HIV-infected individuals (21–23). The effect of antiretroviral therapy (ART) on the gut microbiome and mucosal and systemic lymphocytes suggests partial but not complete normalization of the dysbiosis resulting from HIV-1 infection (24). Therefore, there is a need to further study the relationship between enduring changes in the microbiome, the mucosal barrier and systemic immune responses during ART.

Studies to date directly assessing the functional integrity of the intestinal barrier in HIV-infected individuals have generally investigated impairment using immunohistochemical or transcriptional analysis of biopsies (8, 11–13). Conventional techniques such as mannitol and lactulose permeability measuring intestinal barrier function (25) have also been used to study HIV-1 infected subjects (8, 9).

Confocal endomicroscopy (CEM) shows promise for accurate, focal analysis of the intestinal barrier in vivo. CEM is a novel technique utilising a laser confocal endomicroscope integrated into a colonoscope, gathering images at 1000x magnification (26, 27). CEM has been successful in identifying gastrointestinal barrier changes in inflammatory bowel disease (28, 29), in which microbial translocation is thought to play a role (30). To the best of our knowledge, this technique has only been used once to study the gastrointestinal barrier of PLHIV. This was done in a set of mainly elite controllers, with evidence of permeability, but no quantitative comparison to HIV-uninfected controls (31).

Our study aimed to confirm and quantify the increased permeability of the gut mucosal barrier, as directly observed in vivo using CEM, compared to HIV-uninfected controls, and explore potential relationships between gut microbiome, mucosal immune function, intestinal barrier integrity and markers of immune activation in PLHIV who commenced ART during either primary or established chronic HIV infection. All parameters were compared to HIV-uninfected controls.



Methods


Subjects

This cross-sectional pilot cohort study enrolled PLHIV who initiated ART during primary (PHI) and chronic (CHI) infection and had maintained virological control for >2 years, and a control group of HIV-uninfected controls (HUC). The HUC were matched for age and sex. PLHIV were considered treated in primary HIV infection (PHI) if ART was initiated within six months of HIV infection (HIV), and in chronic HIV infection (CHI) if treatment was initiated at least 12-months after HIV infection, as defined in the PINT study (32). Volunteers were excluded if they were unfit for colonoscopy, had a fluorescein allergy, or had specific inflammatory gastrointestinal conditions associated with colitis. This study was approved by the St Vincent’s Human Research Ethics Committee (HREC 14/214). All participants provided written informed consent.



Confocal Endomicroscopy (CEM)

Colonoscopy with confocal endomicroscopy was conducted by a single colonoscopist using an Optiscan CIS-2 prototype confocal laser endomicroscope (Notting Hill, VIC, Australia). This device replaces one of two air/water channels of a conventional Olympus CF-H180AL endoscope (Tokyo, Japan) with a 488nm laser microscope. The endoscopic probe was applied perpendicular to the mucosal surface, and serial microscopic images of the terminal ileum were captured at scanning depths of 15-70µm during and after intravenous administration of 5mL 10% fluorescein sodium contrast (Alcon, Australia) in 1mL increments.

Two blinded observers reviewed the images with patient grouping identifiers removed. Images where villi and lumen were indistinguishable were discarded. The two observers then independently analysed the remaining images for evidence of cell junction enhancement and fluorescein leak (see Figure 1). Cell junction enhancement was defined as an area of increased, equal fluorescence between two epithelial cells, extending from the basal to the apical surface of the cell layer. Fluorescein leak was characterised by a distinct plume of contrast leakage into the lumen stemming from the epithelial luminal border. Both features have previously been used in studies to gauge mucosal barrier function and permeability in gastrointestinal pathologies (28, 29, 33, 34).




Figure 1 | Example images of terminal ileal villi exhibiting (A) fluorescein leak and (B) cell junction enhancement (A) Cell junction enhancement, characterised by an area of increased fluorescence from the basal to the apical surface between two epithelial cells. (B) Fluorescein leak, characterised by increased fluorescence in the epithelial cell layer, and a distinct plume of contrast leakage into the lumen.





Flow Cytometry

Ten pinch biopsies each were taken from the terminal ileum and left colon using endoscopic biopsy forceps during colonoscopy and separately stored in containers of media solution containing 10mL Roswell Park Memorial Institute (RPMI) culture media (Invitrogen, USA) with 10% foetal bovine serum (Bovogen, Australia) and 100U PenStrep (Invitrogen). Blood was concurrently collected in Vacutainer tubes with sodium heparin anti-coagulant (Becton Dickinson, NJ, USA).

Biopsy samples were weighed, then minced with sterile scissors, before enzymatic digestion using collagenase type III (Sigma-Aldrich) and DNase (Sigma-Aldrich), in order to prepare single cell suspensions for flow cytometry, as previously described (35). All samples were stained for surface markers according to manufacturer instructions, as previously described (35). Additionally, samples from the terminal ileum and left colon were stained for epithelial cells using the monoclonal antibody EpCam-FITC (BD Biosciences, CA, USA). Samples were washed with PBS (Dulbecco’s Phosphate Buffered Saline (DPBS) with 0.5% BSA and 0.1% sodium azide) and fixed in a solution of 0.5% paraformaldehyde in DPBS. Peripheral blood samples were stained, lysed and fixed as previously described (35).

Cells were analysed using a four-laser LSR-II flow cytometer (BD Biosciences) and BD FACSDiva version 8.0 (BD Biosciences), then further analysed using FlowJo version 10.7.1 (Ashland, OR). The gating strategy for lymphocytes isolated from gastrointestinal biopsies has been previously described (35), and is shown in Supplementary Figure 1A. Gating of peripheral blood lymphocytes utilised a similar strategy as shown in Supplementary Figure 1B.



Microbiome Analysis

Stool samples were collected and preserved using OMNIgene GUT microbial stabilisation kit (DNA Genotek, Ontario, Canada). Genomic DNA was extracted using DNeasy PowerLyzer PowerSoil DNA isolation kits (Qiagen, Hilden, Germany) as per manufacturer’s instructions. 16S rRNA sequencing was performed by first preparing the amplicon library using a previously described protocol (36), and sequenced on the Illumina Miseq sequencing platform using Illumina Miseq v3 kit with 2 x 300 bp cycle (Illumina Inc., CA, USA). Downstream processing of the amplicon sequencing reads was carried out as described (36). Briefly, reads were quality filtered and merged, followed by assigning operational taxonomic units (OTUs) using the Quantitative Insights into Microbial Ecology (37) software. No samples were eliminated following subsampling to the depth of 8,079 reads.



Plasma Marker Analysis

The plasma level of soluble CD14 (sCD14) was used as a marker of monocyte activation by lipopolysaccharide and microbial translocation. Other cytokines included TNF and IL6. EDTA anti-coagulated blood was centrifuged at 1600rpm for 15 minutes to obtain plasma for testing in ELISAs using commercially available kits for sCD14, IL-6 and TNF-α (all R&D systems, MN, USA) according to manufacturer’s instructions.



Data Analysis

CD4 and CD8 T-cells in gastrointestinal biopsies at each sample site were counted as absolute cell numbers as previously described (35), but were also normalised by weight of biopsies and by the number of epithelial cells in the biopsies (35). Data was analysed using Prism software version 9.0 (GraphPad, La Jolla, CA). Quantitative analysis was performed using Kruskal-Wallis one-way ANOVA, with two-tailed Mann-Whitney U post-hoc analysis. Spearman’s correlation was used to compare two continuous variables. Cohen’s kappa score was used to measure inter-observer agreement in confocal endomicroscopy image interpretation. Faecal microbiota variation was analysed using Shannon and Simpson diversity indices, while group diversity as calculated using Bray-Curtis dissimilarity distance was illustrated using non-metric multidimensional scaling (NMDS) ordination, and tested using permutational multivariate analysis of variance (PERMANOVA). Kruskal-Wallis with Benjamini-Hochberg false-discovery rate adjustment was employed to assess significant difference in specific bacterial taxa between groups.




Results


Participants

Of the 16 HIV-positive participants from the PINT study, which prospectively studied the effect of commencing a raltegravir-containing regimen during either primary HIV-1 infection (PHI) or chronic infection (CHI) (32), five primary and two chronic HIV participants re-enrolled into this study. A further six HIV-positive participants and six HIV-uninfected controls (HUC) were recruited from outpatient clinics at St Vincent’s Hospital, Sydney. One patient in the PHI group did not attend for study procedures. Hence, a total of six HUC, five PHI and seven CHI subjects attended their allocated study session (Figure 2). All participants were male, with baseline characteristics outlined in Table 1. The CHI subjects had ART for a median 7 years (range 4-23) and the PHI subjects for 7 years (range 7-7).




Figure 2 | Patient recruitment flowchart outlining selection of patients for confocal endomicroscopy imaging, tight junction, blood and tissue lymphocyte, plasma marker and faecal microbiome analyses. HUC, HIV-uninfected control; PHI, HIV-positive participant who initiated antiretroviral therapy during primary HIV infection; CHI, HIV-positive participant who initiated antiretroviral therapy during chronic HIV infection.




Table 1 | Baseline characteristics and clinical parameters of study participants.



One patient from the CHI group and one patient from the HUC group were excluded from confocal endomicroscopy and lymphocyte analysis due to inadequate visualisation of the terminal ileum, confocal imaging calibration issues, or non-attendance. One patient in the HUC group and two patients in the CHI group were excluded from microbiome analysis due to inadequate faecal sample.



Preservation of Gastrointestinal Mucosal Barrier Integrity Using Confocal Endomicroscopy (CEM)

The median time taken to examine and capture the CEM images in the terminal ileum per patient was 9 minutes (range 6-20). A median of 889 (382-2046) images taken per patient were analysed after removal of 282 (22-993) unfocused images per patient. Fluorescein leak (Figure 1A) and cell junction enhancement (Figure 1B) were able to be identified by the two observers. Of images identified by one or the other observer to contain fluorescein leak or cell junction enhancement, 29.8% were identified by the other observer. Inter-observer agreement for the presence of features identified per patient was moderate (κ=0.43) for cell junction enhancement and substantial (κ=0.75) for fluorescein leak. There was also a strong correlation between the total number of features identified by each observer separately and features identified by both observers (Spearman r 0.81; 95%CI 0.51-0.93; p<0.01).

The number of images with fluorescein leak and cell junction enhancement was small as a proportion of the total number of images (median 0.15%, range 0-0.54%). There was no statistically significant difference in the median percentage of CEM features seen in participants across the three groups (HUC=0.26% vs PHI 0% vs CHI 0.11%; p=0.51) (Figure 3). No significant differences were found when fluorescein leak and cell junction enhancement were analysed separately (data not shown).




Figure 3 | Images with identified confocal endomicroscopy features (fluorescein leak and cell junction enhancement) as a percentage of total images analysed for the participant, across three groups. Median percentage of images was 0.26% for HIV-uninfected controls (HUC), 0.00% for HIV-positive participants treated in primary infection (PHI), and 0.11% for HIV-positive participants treated in chronic infection (CHI). Statistical analysis was conducted using Kruskal Wallis one-way analysis of variation.





Characterisation of CD4 and CD8 T-Cells in Gastrointestinal Tissue

In addition to absolute counts of CD4 and CD8 T-cells in gastrointestinal biopsies at each sample site, as previously described (35), numbers of these cells were also normalised by weight of biopsies and also by the number of epithelial cells in the biopsies (35). This revealed similar weights and epithelial cell counts between groups, but no correlation between the weight and epithelial cell count.

By absolute count from biopsies, there was no significant difference between CD4 T-cell counts in terminal ileum (TI) biopsies across the three study groups by Kruskal-Wallis test, but there was a significant difference between HUC and CHI groups in left colon (LC) biopsies (Figure 4A). By weight, there was an absolute decrease in CD4 T-cell numbers per mg in PLHIV in the LC compared with HUC participants, (HUC 1434.5 vs PHI 392.56 vs CHI 515.6 cells/mg; p=0.03) (Figure 4B). A similar decreasing trend was found in the TI samples (HUC 2987.8 vs PHI 751.8 vs CHI 577.9 cells/mg; p=0.20) (Figure 4B). There was no significant change in the CD4 T-cell count:epithelial cell number ratio in the TI (HUC 0.027 vs PHI 0.014 vs CHI 0.016; p=0.56) or LC (HUC 0.026 vs PHI 0.013 vs CHI 0.008; p=0.17) (Figure 4C).




Figure 4 | Changes in CD4 panels (A–C) and CD8 (D–F) cell numbers in the terminal ileum and left colon between patient groups as: (A, D) an absolute count from ten biopsies; (B, E) standardised per milligram of tissue; and (C, F) standardized by epithelial cell number HUC, HIV-uninfected controls; PHI, HIV-positive patients treated during primary infection; CHI, HIV-positive patients treated during chronic infection; TI, terminal ileum; LC, left colon, *statistically significant (p ≤ 0.05). Statistical analysis was conducted using Kruskal Wallis one-way analysis of variance with pairwise post-hoc testing using Mann Whitney U.



There were no significant changes in the CD8 T-cell count by biopsy, weight or epithelial cell ratio, in either the TI or LC across the three groups (Figures 4D–F).



Association Between Circulating and Gastrointestinal Lymphocyte Numbers

When analysing the samples of all volunteers in our study, a significant positive correlation was found between the CD4 T-cell count in peripheral blood and the number of CD4 T-cell count in gastrointestinal tissue in both the TI (p<0.01 r=0.76) and LC (p=0.02 r=0.57) (Table 2); the degree of correlation was higher in the TI than in the LC. A significant positive correlation was also found between peripheral blood CD8 T-cell count and CD8 T-cell number in the TI (p<0.01 r=0.69) (Table 3).


Table 2 | Relationship between systemic CD4 T-cell concentration measured using peripheral blood and measured gastrointestinal lymphocyte numbers, for all study groups combined, and for HIV-positive study participants only.




Table 3 | Relationship between systemic CD8 T-cell concentration measured in peripheral blood and measured gastrointestinal lymphocyte numbers, for all study groups combined, and for HIV-positive study participants only.





CD8 T Cell Activation in Peripheral Blood and Biopsies

Circulating activated CD38+HLA-DR+ CD8 T-cells, as a proportion of total CD8 T-cells in the peripheral blood, was measured as a marker of systemic immune activation. No statistically significant differences were found across the percentages in the three subject groups of the current study (medians: HUC 2.75% PHI 3.53% CHI 3.45% Kruskal-Wallis test p=0.69) (Figure 5A left). As comparator data, a previous larger sample of HUC and all longitudinal data from the PINT study (38) showed that there was a small but significant elevation of activated CD38+HLA-DR+ CD8 T-cells in PLHIV on long-term suppressive ART (medians: HUC 1.5%, HIV+ PINT subjects 4.0%; Mann-Whitney test p<0.0001) (38) (Figure 5A, right). For the PLHIV in PINT, 25/67 observations were above 4.6%, which was the 95th percentile of the normal range.




Figure 5 | Activated CD38+HLA-DR+ CD8 T-cells in blood and tissues. (A) Activated CD38+HLA-DR+ as % of CD45RA- CD8 T cells in peripheral blood, by study group. HUC, HIV-uninfected controls; PHI, HIV-positive patients treated during primary infection; CHI, HIV-positive patients treated during chronic infection. The Comparator Groups are (left) normal range for HUC subjects from reference (38) and the 95th percentile (4.6%) is shown as the dotted horizontal line, and (right) PINT subjects longitudinal observations from reference (38). Statistical analysis between HUC, PHI and CHI groups was conducted using Kruskal Wallis one-way analysis of variance. Statistical analysis between comparator normal range and PINT groups was done using Mann-Whitney test. (B) Comparison of activated CD38+HLA-DR+ as % of CD45RA- CD8 T-cells in peripheral blood, TI biopsies and LC biopsies, respectively by study group. (C) Percentage of activated CD38+HLA-DR+ CD8 T-cells in TI and LC biopsies that are also CD103+. (D) Percentage of activated CD38+HLA-DR+ CD8 T-cells in peripheral blood that are either CD49d+integrin ß7+ gut-homing or CD49d+integrin ß7+-negative non-gut-homing, by study group. (E) Correlation of activated CD38+HLA-DR+ as % of CD8 T-cells in peripheral blood with activated CD38+HLA-DR+ as % of CD8 T cells in TI biopsies. (F) Correlation of activated CD38+HLA-DR+ as % of CD8 T-cells in peripheral blood with activated CD38+HLA-DR+ as % of CD8 T cells in LC biopsies. (G) Correlation of CD103+ as % of activated CD38+HLA-DR+ CD8 T-cells in TI biopsies with activated CD38+HLA-DR+ as % of CD8 T cells in TI biopsies. (H) Correlation of CD103+ as % of activated CD38+HLA-DR+ CD8 T-cells in LC biopsies with activated CD38+HLA-DR+ as % of CD8 T cells in LC biopsies. ***p < 0.0001.



We also measured the activated CD38+HLA-DR+ % of CD8 T-cells in the gut biopsies and compared them to the corresponding peripheral blood levels (Figure 5B). In general, the level of activation was in the same range as for circulating CD8 T-cells, and no significant elevations were seen in gut biopsies from PLHIV, compared to the HUC gut biopsies (Figure 5B).

When we further subdivided the activated CD38+HLA-DR+ CD8 T-cells in the gut biopsies into CD103+ resident intraepithelial cells (39) versus CD103- presumptively migratory cells (Supplementary Figure 1A), we found that, in most biopsies, the majority of CD38+HLA-DR+ CD8 T-cells were CD103+ tissue resident cells that are unlikely to recirculate (Figure 5C).

Conversely, we examined the expression of integrins α4ß7, that determine whether the cells traffic through GALT, on CD38+HLA-DR+ CD8 T-cells in peripheral blood (Supplementary Figure 1B). The results show that the majority of circulating activated CD38+HLA-DR+ CD8 T-cells do not express integrins α4ß7 (Figure 5D). We also did not see any correlation between the levels of circulating activated CD38+HLA-DR+ CD8 T-cells with the corresponding cells in either TI biopsies (Figure 5E) or LC biopsies (Figure 5F). Finally, when there were larger percentages of activated CD38+HLA-DR+ CD8 T-cells in gut biopsies, they were mostly CD103- in TI (Figure 5G) and in LC (Figure 5H), suggesting that they were migratory.

Overall, the results indicate that while it appears that there are slightly more circulating activated CD38+HLA-DR+ CD8 T-cells in PLHIV on fully suppressive ART, they appear to be more systemic in origin and not directly associated with activation within GALT.

We also used an alternative CD38+CD127- phenotype of activated CD8 T cells since it has been reported that levels of this phenotype differed between HIV+ subjects and uninfected controls, in both rectal mucosa and blood (40). When we studied these cells (Supplementary Figure 1B) we did not find any significant differences in CD38+CD127- CD8 T-cells between PLHIV and HIV-uninfected subjects in either blood or gut biopsies (Supplementary Figure 2).



Plasma Markers of Immune Activation

There were no significant differences between the levels of sCD14 (pg/mL) found in the three study groups (HUC 1.78x106 vs PHI 1.32x106 vs CHI 1.68x106 pg/ml; p=0.55) (Figure 6A). The majority of study participants (68.75%) had undetectable concentrations of TNF-α in plasma (Figure 6B). A higher number of patients in the CHI group had detectable plasma TNF-α levels compared with those in both the HIV-uninfected and PHI groups (n=3, n=1, n=1 respectively), but this was not statistically significant. Of the five participants with detectable TNF-α concentrations, 4 (80%) had detectable cell junction enhancement or fluorescein leak seen on confocal endomicroscopy (HUC n=1, PHI n=1, CHI n=2). There were no significant differences in IL-6 concentrations across the three groups (HUC 1.49pg/mL vs PHI 1.79pg/mL vs CHI 1.69pg/mL; p=0.22) (Figure 6C). Finally, the relationship between epithelial integrity and both local immune parameters in the TI as well as systemic parameters was explored. No significant differences were found between the presence of confocal endomicroscopy features and the immune parameters measured (Table 4).




Figure 6 | Levels of soluble proteins measured in plasma between the study groups. (A) Levels of soluble CD14 measured in plasma between the study groups. (B) Levels of TNF-α measured in plasma between the study groups. (C) Levels of IL-6 measured in plasma between the study groups. Statistical significance was calculated using the Kruskal Wallis test.




Table 4 | Relationship of confocal endomicroscopy features identified in patients and measured parameters.





Characterisation of Gut Microbiota

Microbiota composition across all patients was dominated by fermentative bacterial taxa, including members of the Faecalibacterium (median 0.10; interquartile range [IQR] 0.05-0.12), Prevotella (median 0.21; IQR 0.09-0.38) and Bacteroides (median 0.01, IQR 0.003-0.12) genera (Figure 7A). There was no significant difference between groups in overall microbiota composition based on Bray Curtis dissimilarity, as assessed by PERMANOVA (P(perm)=0.202, pseudo-F=1.272, 9551 permutations). A non-significant decreasing trend in taxa diversity was also found using the Shannon diversity index H’ (Figure 7B). However, a significant difference (p=0.03) was found between PLHIV and HIV-uninfected participants in the distribution evenness of taxa, as measured by the Simpson diversity index (Figure 7C). The relative abundance of the Spirochaeta genus was significantly higher in the PHI group (p=0.042; Figure 7D), while the Acidaminococcus genus showed a non-significant trend towards increased relative abundance in the CHI group (Figure 7E). Patients in the CHI group exhibited a trend of increasing Prevotella relative abundance, and a trend of decreasing Faecalibacterium relative abundance. There was no correlation between the microbiota and the CEM or the cytokines (data not shown).




Figure 7 | Faecal microbiota composition. (A) Bacterial composition from analysis of faecal samples from study participants prior to bowel preparation. A total of 145 types of taxa are represented, with increased representation of fermentative taxa (i.e., Ruminococcaceae, Faecalibacterium, Prevotella, Bacteroides) compared to other taxa. (B) Species diversity and taxa distribution in study participants as measured by Shannon diversity index (H’) (C) Species diversity and taxa distribution in study participants as measured by Simpson diversity index E (D) Relative abundance of the Spirochaeta genus between groups. (E) Relative abundance of the Acidaminococcus genus between groups.






Discussion

In this study, we aimed to confirm and characterise the in vivo intestinal permeability of study participants with treated HIV infection, compared to HIV-uninfected controls, using CEM, as well as define associations with parameters of mucosal barrier integrity and systemic immune activation and inflammation. Contrary to expectations, however, we could not confirm significant differences for in vivo intestinal permeability between study groups.

In our study methodology, the amount of fluorescein used was matched with other studies which successfully identified changes in gastrointestinal villi, determining the timeframe in which contrast-enhanced images could be taken with the confocal microscope (28, 29). Fluorescein leak and cell junction enhancement were features chosen as indicative of increased epithelial permeability in intestinal villi as interpretation could be easily standardised and due to their previous association with damage to epithelial barrier integrity in other contexts (41). These features were identifiable in our images, but, importantly, there were no significant quantitative differences between the subject groups.

A recent study had also utilized in vivo microscopic imaging of rectal mucosa and reported that there was increased fluorescein leakage and intramucosal bacteria in most of the 10 HIV+ subjects studied (31). However, unlike our study, there was no quantitative comparison to HIV-uninfected controls, and 7/10 HIV+ subjects were Elite Controllers (31), who are not representative of PLHIV on long-term ART.

Although in vitro studies have reported increased tight junction permeability, epithelial inflammation and apoptosis (10) on direct exposure to the HIV-1, this effect could be reduced in vivo due to the fast turnover rate of epithelial cells (42) and sustained suppression of HIV replication with long term ART. Certainly, this would be consistent with both this small study’s results and results from an in vitro study of intestinal permeability by Epple et al. in 2009 (12). Although inter-observer agreement on cell junction enhancement was low compared to other studies (28, 41, 43), the comparable agreement on presence of fluorescein leak with other studies, and the high percentage of study participants with CEM features suggest the methodology is sufficiently sensitive. Larger studies utilising this method in treated and untreated PLHIV with comparison to other inflammatory gastrointestinal diseases, such as ulcerative colitis or Crohn’s disease, would help place these findings in a clearer context.

Ours is the first study to directly explore the effect of early and late initiation of effective ART on intestinal permeability. A secondary hypothesis was that gastrointestinal lymphocyte depletion would be more profound in PLHIV who commenced ART during CHI. Consistent with this hypothesis, our study found a significant decrease in LC CD4 T-cell counts and a decreasing trend in TI CD4 T-cell counts of CHI participants compared to HIV-uninfected controls, and is consistent with our previous studies (35). This result is supported in previous studies on T-lymphocyte cell counts in gastrointestinal tissue (14, 16, 44) in untreated and treated (6, 44–46) PLHIV, but the effect of early ART initiation in the literature is unclear. While studies have reported limited reconstitution of the proportion of CD4 T-cells in intestinal tissue even when treated during primary infection (6, 47), a study by Allers et al. on absolute CD4 T-cell numbers reported treatment during early HIV infection led to complete preservation of CD4 T-cells in duodenal tissue (45).

Our study found a decreasing trend in LC CD4 T-cell numbers of PLHIV treated in primary infection. The association was less clear in the TI. Data from a study by Yukl et al. (48) previously showed a larger quantifiable decrease in the proportion of CD4 T-cells in ileal samples of HIV-positive volunteers than in rectal samples. It has been suggested that the effect of HIV infection on T-cell numbers is variable depending on the gastrointestinal sample site due to different frequencies of gut-homing and regulatory T cells (48). A possible identified contributor to the variability of lymphocyte counts was the nature of lymphoid follicles being concentrated in Peyer’s patches in the TI (49), making representative sampling of this site difficult. Our group’s larger analysis of gastrointestinal lymphocyte counts have revealed significant decreases in CD4 T-cells in both the LC and TI, using both absolute cell counts and epithelial cell ratio, although in that study samples were not analysed by weight (35).

Earlier studies quantified the CD4 T-cells as a percentage of total CD3+ T-cells. However, absolute CD8+ CD3+ T-cell levels may be increased in HIV-positive patients with untreated infection, with high variability in the levels in patients on ART (14, 45), resulting in either a decrease in, or increased variability, in mucosal CD4 T-cell percentages. This study is one of few to use absolute lymphocyte counts to preclude the effects of CD8 T-cell proliferation. As a standard method of normalisation is not documented, both epithelial cell counts and biopsy weight were used as normalisation methods due to possible variations in size of biopsy samples. However, we found stronger correlations between peripheral blood and tissue lymphocytes when normalising by weight. This suggests that lymphocyte loss may be more concentrated in areas of lymphoid aggregation, which are deeper in the tissue, compared to tissue-resident lymphocytes near the epithelial border. Weight may be more representative of biopsy volume, and epithelial cells representative of total biopsy tissue area. This might be a useful area of investigation, which could involve comparison of immuno-histochemistry and flow cytometry methods.

Despite systemic CD4 activation being central to HIV pathogenesis (50), we have concentrated on the study of activated CD38+HLA-DR+ CD8 T-cells, rather than activation of CD4 T-cells for several reasons. Firstly, levels of activated CD38+HLA-DR+ CD8 T-cells in blood samples from untreated patients have been clearly correlated with disease progression (51). Secondly, in patients receiving ART, we and others have documented residual elevation of activated CD8 T-cells (38, 52, 53) despite suppression of HIV replication; these levels have been correlated with plasma LPS levels, consistent with the microbial translocation hypothesis (7). Finally, the frontline CD8 T-cells in GALT can be identified as CD103+ intraepithelial resident memory cells, and these cells should be most activated by barrier dysfunction. In contrast, levels of CD4 activation in gut biopsy samples are complicated by the presence of germinal centres containing activated CD4 T follicular helper cells (35), and these cells do not leave GALT.

Instead, we have found that there was no difference in CD8 T-cell activation in gut biopsy samples between PLHIV on ART compared to HIV-uninfected controls, and in particular, we documented for the first time that CD103+ CD8 T-cells were generally more activated than CD103- migratory CD8+ T-cells. Furthermore, there was only a minority of activated CD8 T-cells in peripheral blood that expressed the gut-homing integrins α4ß7, and there was no obvious correlation of levels of activation of CD8 T-cells between the GALT and blood compartments. Altogether, our detailed results suggest that it is unlikely that the main source of activated CD8 T-cells in blood is due to gastrointestinal barrier dysfunction.

We have previously found that crucial CD4 T follicular helper cells in GALT are not significantly depleted in HIV+ subjects on ART, nor are their important downstream effector cells, IgA+ B-cells (35), which will help maintain microbial homeostasis of this tissue. Instead, in these GALT germinal centres as well as in other lymphoid tissues, it is possible that CD4 T follicular helper cells act as a residual underlying HIV reservoir (3, 54) and may contribute to lingering CD8 T-cell activation. Undoubtedly, GALT CD4 T-cells continue to contribute to the HIV reservoir under ART (55, 56). However, we have previously found that in the circulation, gut-homing CD4 T cells only contain a small proportion of the HIV-1 DNA in PBMC (57). Other tissues, despite fully suppressed plasma viremia, are likely to contain HIV-1 reservoirs that activate CD8 T-cells, such as CD4 T follicular helper cells in peripheral lymph nodes (3, 54), infected alveolar macrophages (58) and infected cells in the CNS (59, 60).

An increased relative abundance of Spirochaeta, Prevotella, Acidaminococcus species in those with HIV, and a reduced abundance of Faecalibacterium species, as suggested by our data, are consistent with gut microbiome changes described in PLHIV in other studies (22, 23, 61). Faecalibacterium prausnitzii, a member of clostridial cluster IV, is one of a number of obligate anaerobic gut commensal bacteria that are responsible for the production of the short chain fatty acid butyrate through the fermentation of carbohydrates in the colon by inducing (62). Butyrate, in turn, contributes to gut barrier function by inducing tight junction assembly through an AMPK-dependent pathway (63). In contrast, increased prevalence of Prevotella species is associated with increased susceptibility to gut inflammation through indirect suppression of IL-18 production (64). However, while it has been suggested that an increased presence of potentially pathogenic bacteria in the gastrointestinal lumen may induce expression of pro-inflammatory cytokines, thereby increasing epithelial layer permeability (65, 66), these changes in microbiota composition were not reflected in the confocal imaging results.

There are a number of reasons why interpretation of the microbiome data is difficult. First, the cohort was small, and the study was cross-sectional, not permitting longitudinal microbiome follow-up. Three participants were treated for a sexually transmitted infection with antibiotics before enrolment. Finally, it has been recognised that ART has a variable impact on the composition of the microbiome, and this could not be assessed in this study (67, 68).

Plasma sCD14 concentration is a measure of monocyte activation in response to lipopolysaccharide from the cell walls of gram-negative bacteria (45, 69). We did not find, however, an increasing trend in levels of sCD14 in CHI patients. Recent studies have revealed differing findings on the effect of ART on levels of sCD14 (45, 70, 71). This variability may be due to a number of confounding factors, such as the duration of ART, although variability persists when individual patients are followed longitudinally (71); behavioural factors such as smoking may also be implicated (72, 73). The measured levels of sCD14 varied highly between previously published studies, varying from 0.7x106pg/mL (74) to 4x106pg/mL (45) in HIV-uninfected controls. Our study’s median of 1.8x106 pg/mL for HIV-uninfected controls and 1.4x106 pg/mL for PLHIV is consistent with results from other studies (45, 74). No increasing trend in levels of TNF-α, IL-6 or systemic activated HLA-DR+CD38+ CD8+ T-cells was found in the CHI patients.

Presentation of intraluminal antigens from the intestinal lumen is part of normal physiology in the regulation of immune responses and establishment of immunotolerance (75, 76), and it is possible for increased bacterial products to enter the portal and systemic circulation due to dysregulation of immune lymphocytes despite maintenance of epithelial barrier integrity. HIV-1 can infect hepatic Kupffer cells, which express CD14 and other receptors responding to LPS, altering measured levels of these markers (77). However, partial restoration of Kupffer cells has been found following initiation of ART (78).

The strength of this study was the detailed comparison with HIV-uninfected controls, including not only the confocal imaging, but also the detailed study of immune activation locally and systemically, as well as of the microbiome. This study was however limited by its cross-sectional design. Hence, we were unable to demonstrate whether the lack of changes in intestinal permeability was due to recovery following ART initiation. A more significant limitation of this study was the small sample size, which increases the possibility of type II errors. Finally, the small sample including only men makes generalisability difficult. As a pilot study, the main aim was to identify trends in measures of the gastrointestinal barrier that could contribute to microbial translocation and contribute exploratory data to support further larger studies of barrier dysfunction and microbial dysbiosis.

In conclusion, our results indicate that despite slightly impaired CD4+ T-cell recovery in the gastrointestinal tissue of CHI patients, no changes to physical epithelial integrity were found, nor significantly increased activation of CD8 T-cells within GALT. Furthermore, microbial translocation and inflammatory markers trended towards return to baseline. Our study raises doubts about the significance of microbial translocation and systemic inflammation in HIV-positive participants on effective ART. Analyses have suggested that there is little difference in life expectancy in PLHIV compared to HIV-uninfected individuals when controlling for other risk factors (79), although a more recent study suggests that PLHIV who commenced ART in the US between 2011-2016 with high CD4 counts still had about 7 years less life expectancy, plus more years of comorbidities. Several issues remain, such as whether dysregulation of intestinal CD4+ lymphocytes alone facilitates increased passage of bacterial by-products into the portal circulation. In summary, our study suggests that the importance of microbial translocation and its contribution to systemic immune activation in well-controlled HIV-positive patients may not be as significant as widely reported and believed.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

This study was approved by the St Vincent’s Human Research Ethics Committee (HREC 14/214). All participants provided written informed consent. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Experimental work and data analysis: GM, JZ, MB, NS, GR, LL, and MD. Project conception: MD, MAB, KK, AK, and TP. Patient recruitment and procedures: MD, GM, KK, and AK. Manuscript written by GM, JZ, and MD. All authors contributed to the article and approved the submitted version.



Funding

The study was funded by a St Vincent’s Clinic Foundation Project Grant. Cancer Institute NSW Equipment Grant 10REG114, Australia Research Council (ARC) Linkage Project LP10020080. TP is supported by National Health and Medical Research Council (NHMRC) Senior Research Fellowship (APP1155678) and the Ernest Heine Family Foundation. JZ was supported by NHMRC Fellowship 1063422 and ADK by NHMRC Program Grant 1052979.



Acknowledgments

The authors would like to thank Dr Yin Xu for expert technical assistance.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.688886/full#supplementary-material

Supplementary Figure 1 | – Representative flow plots and gating of CD8 T-cell subsets. (A)– Top row: Gating of CD45+ SSClow lymphocytes, then CD3+ and EpCAM-negative, then CD45RA-negative, then CD8 T-cells (CD3+ CD4 negative). -Bottom row: CD8 T-cells then analysed for CD38 vs HLA-DR and CD38 vs CD127. -Then CD38+HLA-DR+ and CD38+CD127low cells, respectively, were analysed for CD103 expression. (B)– Top row: Gating of CD45+ SSClow lymphocytes, then CD3+ and CD20-negative, then CD45RA-negative, then CD8 T-cells (CD3+ CD4 negative). -Bottom row: CD8 T cells then analysed for CD38 vs HLA-DR, and CD49d vs integrin ß7, and CD38+CD127low cells. -Then CD38+HLA-DR+ cells were analysed for CD49d vs integrin ß7 expression

Supplementary Figure 2 | Activated CD38+CD127low CD8 T-cells in blood and tissues. Activated CD38+CD127low as % of CD45RA- CD8 T cells in peripheral blood, and in TI and LC biopsies, by study group. HUC: HIV-uninfected controls, PHI: HIV-positive patients treated during primary infection, CHI: HIV-positive patients treated during chronic infection.
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White adipose tissue (AT) contributes significantly to inflammation – especially in the context of obesity. Several of AT’s intrinsic features favor its key role in local and systemic inflammation: (i) large distribution throughout the body, (ii) major endocrine activity, and (iii) presence of metabolic and immune cells in close proximity. In obesity, the concomitant pro-inflammatory signals produced by immune cells, adipocytes and adipose stem cells help to drive local inflammation in a vicious circle. Although the secretion of adipokines by AT is a prime contributor to systemic inflammation, the lipotoxicity associated with AT dysfunction might also be involved and could affect distant organs. In HIV-infected patients, the AT is targeted by both HIV infection and antiretroviral therapy (ART). During the primary phase of infection, the virus targets AT directly (by infecting AT CD4 T cells) and indirectly (via viral protein release, inflammatory signals, and gut disruption). The initiation of ART drastically changes the picture: ART reduces viral load, restores (at least partially) the CD4 T cell count, and dampens inflammatory processes on the whole-body level but also within the AT. However, ART induces AT dysfunction and metabolic side effects, which are highly dependent on the individual molecules and the combination used. First generation thymidine reverse transcriptase inhibitors predominantly target mitochondrial DNA and induce oxidative stress and adipocyte death. Protease inhibitors predominantly affect metabolic pathways (affecting adipogenesis and adipocyte homeostasis) resulting in insulin resistance. Recently marketed integrase strand transfer inhibitors induce both adipocyte adipogenesis, hypertrophy and fibrosis. It is challenging to distinguish between the respective effects of viral persistence, persistent immune defects and ART toxicity on the inflammatory profile present in ART-controlled HIV-infected patients. The host metabolic status, the size of the pre-established viral reservoir, the quality of the immune restoration, and the natural ageing with associated comorbidities may mitigate and/or reinforce the contribution of antiretrovirals (ARVs) toxicity to the development of low-grade inflammation in HIV-infected patients. Protecting AT functions appears highly relevant in ART-controlled HIV-infected patients. It requires lifestyle habits improvement in the absence of effective anti-inflammatory treatment. Besides, reducing ART toxicities remains a crucial therapeutic goal.
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The Biology of Adipose Tissue


Several “Colors” of Adipose Tissue: White, Brown, Beige, and Pink

Adipose tissue (AT) is a loose connective tissue composed of differentiated adipocytes and stroma/vascular cells (a heterogeneous cell population including endothelial cells, immune cells, fibroblasts, and adipocyte precursors). White adipocytes are characterized by a single, large droplet of cytoplasmic fat and a flattened nucleus. Brown adipocytes contain several small lipid droplets and large numbers of mitochondria and lysosomes; the latter are responsible for the tissue’s brown color. Beige adipocytes (white adipocytes that have differentiated into brown adipocytes) are characterized by multilocular lipid droplets. Lastly, pink adipocytes are white adipocytes that have differentiated into milk-producing gland cells during pregnancy, lactation, and post-lactation (1).

The various ATs differ with regard to their metabolic activity, sites, plasticity, vascularization and innervation. White adipose tissue (WAT) is the main site for lipid storage and mobilization and has a high secretion capacity. The activity of WAT is strongly linked to inflammation in healthy individuals (where low-grade inflammation is required for correct metabolic activity) (2), and even more so in ageing and in people with fat gain/obesity (where the more intense inflammation contributes to the loss of metabolic activity) (3). Brown adipose tissue (BAT, mainly characterized in rodents) ensures non‐shivering thermogenesis; it can maintain thermal homeostasis by dissipating large amounts of energy in the form of heat. It used to be thought that BAT was only present in meaningful amounts in infants and that it regressed and become metabolically inactive in adults. However, recent positron emission tomography (PET) imaging studies of glucose uptake have revealed the presence of substantial deposits of thermogenic fat in adult humans (4, 5). Besides being highly metabolically active, BAT is densely innervated by the sympathetic nervous system (6) and is relatively insensitive to inflammatory signals. Recent studies have demonstrated the presence of brown-like adipocytes in WAT. These “Beige” adipocytes (also referred to as “browned” or “brite” [“brown in white”] adipocytes) are highly thermogenic adipocytes (6). They are functionally flexible and can either store or dissipate energy, depending on the environmental or physiological circumstances. Like brown adipocytes, beige adipocytes oxidize fatty acids and glucose and have large numbers of mitochondria. In response to various stimuli, the energy is dissipated as heat through uncoupled respiration (7). This mechanism is mediated by the uncoupling protein-1 (UCP-1) present in the inner mitochondrial membrane. Beige adipocytes can enhance energy expenditure by inducing a futile cycle that involves free fatty acid (FFA) β-oxidation and re-esterification (8, 9). This process might constitute a crucial adaptive response to excess energy supplies. In humans, the correlation between leanness and high levels of brown and beige fat activity suggests that these ATs have an important metabolic role (4, 5, 10).

Adipocytes are highly plastic, as exemplified by the beiging process, which corresponds to recruitment of the adaptive thermogenic adipocytes. Beiging may be a novel therapeutic target for mitigating lipid storage, alleviating metabolic disorders and thus dampening the associated inflammatory profile.



A Focus on WAT and Its Unique Properties


WAT Is Influential Because of Its Large Mass and Broad Distribution

WAT is the body’s main energy reservoir; it stores energy as triglycerides and releases energy (in response to hormonal stimuli) as FFAs. This AT accounts for 15 to 25% of body weight in lean, healthy individuals and much greater percentage in overweight and obese people. In contrast to BAT, WAT is distributed throughout the body. There are two main types of WAT: subcutaneous adipose tissue (SCAT, accounting for about 80% of AT in lean individuals) and visceral adipose tissue (VAT, located in the intra-abdominal cavity, e.g. at omental, mesenteric, and retroperitoneal sites). Although lean individuals have a small amount of VAT, this tissue expands considerably in people with metabolic disorders. Intra-abdominal VAT is able to communicate with nearby internal organs, such as the intestinal tract and the liver. Several mechanisms are involved in this communication, with the release of metabolites, hormones, cytokines and miRNAs (11, 12). Perivascular AT, epicardial AT, lymph-node (LN)-associated AT, bone-marrow (BM)-infiltrating AT, and (in the context of metabolic disorders) ectopic AT in liver or muscles have been described (see section 4). Lastly, the anatomical distribution of WAT in contact with the external environment (such as the intestinal tract and the skin) and with immune structures (LNs, BM, and thymus) might be crucial in the modulation of local immune responses.



WAT Is Also a Major Endocrine Organ

WAT is less metabolically active than BAT but has a unique endocrine profile. The main endocrine activity in WAT is adipokine secretion [for a review, see (13)]. In fact, WAT secretes over 400 different adipokines, which are usually categorized as being anti-inflammatory or pro-inflammatory but also contribute to metabolic regulation. Some of these adipokines are produced by the adipocytes themselves (such as the prototypical adipokines leptin and adiponectin), whereas others are mainly produced by immune cells located in the AT (interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-8, monocyte chemoattractant protein 1 (MCP-1), regulated upon activation, normal T cell expressed and presumably secreted chemokine (RANTES), etc.) (Table 1). The well-known satiety factor leptin is secreted specifically by adipocytes in SCAT and (to a lesser extent) VAT and has a role in energy regulation. Blood leptin levels are correlated with the AT mass. Adiponectin is the other main adipocyte-specific adipokine. It is mainly secreted by VAT and is known to enhance fatty acid oxidation by muscle tissue and to increase the action of insulin in the liver. Thus, blood adiponectin levels are inversely correlated with insulin resistance. Importantly, both leptin and adiponectin also have immunomodulatory functions (20, 21).


Table 1 | Cytokine production by AT.



The influence of adipose-secreted factors on systemic and distal inflammation, angiogenesis, vascular homeostasis, fibrolysis, and the immune system is not fully understood (22) and is being evaluated in various diseases [including inflammatory arthritis, autoimmunity (23), inflammatory bowel disease (24), and cancer (25)]. The AT’s adipokine secretion profile is strongly modulated by the metabolic and inflammatory context. The various bioactive adipokines exert autocrine, paracrine and endocrine effects on local and systemic targets. The AT’s endocrine activity appears to depend on the adipokine in question and the tissue site: SCAT produces IL-6 and TNF-α but the latter does not have an endocrine effect (26, 27). In contrast, the TNF-α produced by mesenteric AT contributes to inflammation in the mesentery (28). Most recently, AT has also been identified as a site of miRNA production; miRNAs with endocrine activity are packaged into exosomes and then released into the circulation (11).



Metabolic and Immune Cells Coexist in AT

The influence of AT on acute or chronic immune responses depends on the resident immune cells. As mentioned above, AT contains differentiated adipocytes and stromal/vascular cells. Virtually all the known types of immune cell have been detected in WAT: eosinophils, neutrophils, mast cells, macrophages, T lymphocytes (including regulatory T cells, CD4 and CD8 αβ T cells, γδ T cells, and natural killer (NK) T cells), type I and II innate lymphoid cells, and invariant NK cells (29). Remarkably, the presence of immune cells is required for the full metabolic activity of AT under normal conditions. Macrophages (including M2 anti-inflammatory and M1 pro-inflammatory subsets) and T lymphocytes are the most numerous immune cells in AT. The macrophages clear dead adipocytes, buffer lipids and contribute to angiogenesis (30). The regulatory CD4 T cell (Tregs) fraction is highly represented in lean AT in some mouse models (31). Other Th2-like cells (e.g. eosinophils) also help to limit excessive inflammation and modulate lipogenesis (32). Importantly, a degree of inflammation in AT is essential for homeostasis (2). Whereas adipose stem cells (ASCs) are crucial for metabolic homeostasis, they also send immunomodulatory signals to immune cells. In an in vitro study of the immunomodulatory effect of ASCs on macrophages isolated from osteoarthritic synovial tissue, the secretion of prostaglandin E2 favored the M1-to-M2 transition (33). In vitro culture of human ASCs with T lymphocytes also induces immunosuppression through the PD1/PDL1 Gal-9/TIM-3 pathways (34). The interplay between immune and metabolic cells is subtle, and metabolic stress induce changes in the immune cells’ composition and functions.

In addition to having key roles in metabolic regulation, these immune cells notably exhibit immune and cytokine-secreting activities that might contribute directly to systemic inflammation and/or sustain/exacerbate local inflammation in AT. Recent research has suggested that tissue-resident T lymphocytes contribute to secondary immune responses by migrating towards lymphoid sites, although the underlying mechanisms have not been fully evaluated (35, 36). If this process occurs in AT (e.g. with the release of memory T cells into draining LNs), it might constitute a novel way in which AT contributes to chronic immune activation.



Functional Differences Between SCAT and VAT

Although SCAT and VAT are morphologically similar; the latter is more densely vascularized and innervated and contains larger numbers of adipocytes, and immune cells (37).


Metabolic Differences

A growing body of evidence suggests that SCAT and VAT differ in their metabolic characteristics (38, 39) and thus their functions. VAT has a lower proportion of preadipocytes and a higher proportion of large adipocytes (39). Furthermore, VAT adipocytes are more insulin-resistant than SCAT adipocytes but also have a higher metabolic rate. In fact, VAT is more sensitive to adrenergic stimulation and thus more prone to lipolysis and FFA release. In contrast, SCAT buffers levels of FFAs and triglycerides. The progenitor cells’ adipogenic capacity is closely linked to metabolic changes. In obesity, hypertrophic adipocytes (which contribute to contribute to insulin resistance) are frequently observed in VAT (40), and VAT expansion is correlated with the onset of metabolic disorders (41, 42). Adipocyte precursors isolated from SCAT displayed a higher adipogenic potential than those from VAT (40). In rodent models of obesity, it has been shown that SCAT is metabolically beneficial. Indeed, the intra-abdominal transplantation of SCAT ameliorates several metabolic parameters, including insulin resistance (43). Likewise, removal of VAT can prevent the onset of insulin resistance (44).



Endocrine and Immune Differences

VAT vs. SCAT differences in endocrine activity have been documented in both healthy lean individuals and obese individuals (Table 1). The differences are more pronounced in the context of obesity. In healthy individuals, differences in C-C chemokine receptor type 2 (CCR2) and macrophage migration inhibitory factor (MIF) (45, 46) have been reported, and adiponectin is secreted more by VAT than by SCAT. However, VAT is prone to being pro-inflammatory in response to obesity. IL-6 is secreted more by VAT than by abdominal SCAT, whereas leptin is secreted more by SCAT. On the cellular level, no difference in the number of macrophages has been detected, although VAT has a more pro-inflammatory profile than SCAT (47). In mice fed a high-fat diet, macrophage infiltration is increased rapidly in VAT but not in SCAT (48, 49). It is noteworthy that macrophages and inflammation also contribute to the remodeling of the extracellular matrix (ECM). In VAT in obese individuals, increased fibrosis (characterized by the excessive production of ECM components) interrupts normal metabolic functions and accentuates inflammatory responses (48, 49) (see the following section).




Differences Between Subcutaneous Upper Versus Lower Fat

The SCAT is the greater fat mass in healthy individuals, and differential capacity for certain subcutaneous regions are described, notably lower-body (gluteal fat, subcutaneous leg fat, and intramuscular fat), and upper-body subcutaneous fat (including abdominal SCAT) (50). Although the accumulation of upper fat (abdominal obesity, including visceral and abdominal subcutaneous) is associated with the development of cardiovascular disease and type 2 diabetes mellitus, lower-body fat has protective properties that are associated with an improved cardiometabolic risk profile in men and women (51). However, the underlying mechanisms for the functional differences between upper and lower-body AT remain elusive (52). The observation that regional characteristics are retained in vitro strongly indicates that the differences in adipocyte functions are inherent to the depot rather than a consequence of the local microenvironment. Abdominal and gluteofemoral SCAT present differentially-expressed developmental genes (53, 54) including members of the homeobox (HOX) family, HOX-domain encoding genes and T-box genes. In addition, lower-body AT is characterized by low lipid mobilization (55, 56) through α-adrenergic (antilipolytic) receptors. The release rates of non-esterified fatty acid (NEFA) are lower, in accordance with the reduced overall turnover of the triglyceride pool of this tissue (52). On the other side, abdominal SCAT is characterized by smaller adipocytes, higher expression of adipogenic, lipolytic, and mitochondrial genes associated with lower oxygen consumption (57) and the capacity to recruit new adipocytes seems limited in this tissue. Thus, different metabolic pathways regulate lipid metabolism in upper- versus lower-body fat and these tissues respond differently to weight gain in favor of a causality between lower-body fat accumulation and reduced risk of cardiometabolic diseases.




The Plasticity of AT and Fibrosis in the Context of Obesity/Metabolic Disorders

AT is highly plastic, so that it can regulate energy influx and efflux. Adipocytes react to energy overload by initiating hypertrophy (an increase in cell size, due to lipogenesis and triglyceride accumulation) and hyperplasia (an increase in cell number, due to adipogenesis); both of these processes are associated with metabolic and endocrine changes, as extensively reviewed elsewhere (13, 58, 59). During AT expansion, the ECM requires remodeling to accommodate adipocyte growth. In AT, the ECM is characterized by collagens; these are produced mainly by adipocytes but also by stromal/vascular cells. Adipocytes are maintained within an ECM network whose deposition is impaired during obesity. Fibrosis can mechanically limit tissue plasticity and contribute to metabolic impairments (60). In obese individuals, the presence of pericellular fibrosis and fibrosis bundles was negatively correlated with hypertrophy (61). In this context, fibrosis is associated with inflammation and insulin resistance (60, 62, 63). Moreover, ECM deposition was found to be higher in SCAT than in VAT in both lean and obese subjects (63),, although adipocyte hypertrophy in VAT coincides with increased adipocyte death, formation of crown-like structure, inflammation, and insulin resistance (60, 64, 65). Simultaneous changes in the immune cell compartment are also observed and drastically modify the AT’s secretory profile (66). Although adipocytes secrete some pro-inflammatory cytokines (IL-6, TNFα, and IL-8) at low levels, immune cells account for most of the cytokine secretion.


Immune System Activation and Inflammatory Activity of AT in Obese Contexts

AT inflammation is a standard feature of obesity, and mainly involves AT macrophages. Macrophage accumulation and a progressive shift from an M2 phenotype to an M1 phenotype are observed in AT during obesity (49). This translates into a shift from the secretion of immunosuppressive cytokines [such as IL-10 and transforming growth factor β (TGF-β)] to the secretion of pro-inflammatory cytokines (such as IL-6, TNF-α, MCP-1, IL-12, IL-23, and IL-1β). However, several mechanisms are involved in the shift in the AT’s inflammatory profile; they include the direct impact of adipocyte dysfunction and M1 differentiation (both through the adipocyte’s cytokine production (67) and lipid buffering) and the local influence of other immune events, such as neutrophil accumulation, Th1 bias (leading to greater IFN-γ production), and a reduction in the proportion of Tregs. The recruitment of neutrophils (rather than eosinophils) also contributes to the AT’s pro-inflammatory secretion profile; the production of superoxide, elastase and myeloperoxidase by neutrophils and IL-1β production contribute to the inflammatory response (68). The Th2-Th1 shift and the recruitment of CD8 T cells increase the level of IFN-γ production, favors M1 macrophage polarization, and activates adipocytes (69). Additionally, Th17 cells are also recruited in AT in obese contexts, under the combined influences of AT macrophages, ASC and adipocytes (70). Recruitment of NK cells is also described in visceral (epididymal) but not subcutaneous AT in the HFD mouse model. The upregulation of NK activating ligands by adipocytes contributes to the increase in NK cells in SCAT, that will subsequently contribute to M1 macrophage differentiation (48, 71). The exact sequence of events is still not fully known, although neutrophils and CD8 T cells appear to have crucial roles in the initiation of local inflammatory responses (68, 72) because they are detected before the accumulation of macrophages. Moreover, inflammatory macrophages disrupt ECM homeostasis, which leads to fibrosis (2). Lastly, advanced glycation end-products (AGE) that are increased in obese diabetic patients, impact both adipocyte and immune cells functions, as both cell types express the receptor for AGE (RAGE) (73, 74). On the whole, inflammation in AT is triggered by several integrated mechanisms and involves the various cell subsets in the AT, i.e. immune cells, adipocytes, and (presumably) ASCs - a shift towards a more inflammatory profile has not been described for the latter. In a vicious circle, the concomitant pro-inflammatory signals produced by these various cell types help to drive local inflammation.



Contribution of AT to Low-Grade Inflammation During Obesity

Obesity is associated with low-grade inflammation (75–77) and insulin resistance (78). It is generally acknowledged that the secretion of adipokines by AT contributes to overall inflammation, although the exact contribution of a given pro-inflammatory cytokine to local and/or systemic inflammation is difficult to evaluate. The complexity of the inflammatory network that develops in AT (involving intricate, redundant, time-framed interactions between pro-inflammatory signals) is an initial hurdle. The integrated metabolic and inflammatory processes that drive each other in the AT (79) and thus amplify local inflammation constitute a second hurdle. Lastly, a third level of complexity relates to the opposing influences of cytokines produced by metabolic vs. immune cells, since the results appear to depend on the type of producing cell for IL-6 (80) and type I interferon [as reviewed in (81)] (82, 83). Although the secretion of adipokines by AT contributes to overall inflammation, the low-grade inflammation observed in the blood is due to many inflammatory factors, including lipotoxicity, disruption of gut microbiota, and systemic immune activation. The severity of obesity and the development of metabolic comorbidities (84) must also be taken into account.





Causes of Adipose Tissue Alterations During HIV Infection

HIV infection in ART-naive patients is characterized by wasting, affecting both muscle and fat mass. ART-naive patients have lower SCAT volume and decreased whole tissue expression of pro-adipogenic genes compared to HIV-negative controls together with decreased mitochondrial DNA (mtDNA) content and reduced expression of mitochondria-encoded proteins that are required for adequate adipocyte metabolic function (85). Different AT alterations were observed in HIV-infected patients receiving ART. Although HIV impacts AT biology per se and metabolic profile (86), these changes were mainly attributed to the ART. The first-generation drugs taken by patients had lipotoxic effects; the resulting lipoatrophy gave rise to a syndrome called “ART-related lipodystrophy”. Once lipotoxic molecules had been replaced by less toxic drugs, patients progressively gained fat (mainly on the trunk). The broad use of the newer class of integrase strand transfer inhibitors (INSTIs) now means that some patients can increase their overall fat mass. Understanding why AT mass, distribution, and function are often altered in HIV-infected patients (regardless of the type of ART) is a real challenge. Viral persistence certainly has an important role, together with HIV-related changes in the immune context inside and outside AT. The fact that the patients’ fat alterations became severe only after the introduction of ART molecules (i) emphasizes the drugs’ essential contribution to harmful changes and (ii) suggests that HIV and some antiretrovirals (ARVs) act in synergy on adipocytes and other adipose cells to induce metabolic and inflammatory dysfunctions in AT and thus trigger adverse events in other tissues.


HIV-Related Fat Alterations: The Impact of HIV Infection on AT Biology

Although ART is clearly associated with adverse events, the presence of metabolic alterations in treatment-naive, HIV-infected people (86) suggests that the virus itself also has an impact on AT biology. All the studies performed in the 2000s found that adipocytes were not infected by HIV (87, 88) and that no HIV components were present in these cells. However, other HIV-related mechanisms have been identified (Figure 1).




Figure 1 | HIV-related alterations in AT. HIV itself and the viral proteins produced by infected cells induce fibrosis and alter adipogenesis and local immune functions. HIV proteins are secreted by infected cells within AT and can impact the nearby adipose stem cells (ASCs) and adipocytes. Dysfunctional ASCs present mitochondrial dysfunction, elevated levels of oxidative stress and a profibrotic phenotype. The proteins impede the ASCs’ ability to differentiate into adipocytes; this leads to dysfunctional adipocytes with low expression of adipogenic markers, lipid accumulation, and leptin and adiponectin secretion. HIV-protein-treated adipocytes also acquired a pro-inflammatory phenotype that is involved in local inflammation and immune dysfunction. Systemic factors (gut dysfunction, systemic chronic inflammation, and immune dysfunction) also contribute to AT dysfunction, with the induction of CD8 T cells, macrophages infiltration, and a shift towards a pro-inflammatory M1 macrophage profile.




Viral Proteins

Since viral proteins are present in patients with no detectable viral load (87, 89, 90), it has been suggested that Vpr, Nef, Tat and Gag have an impact on AT.

The mechanisms whereby viral proteins might affect adipocyte functions have been investigated in vitro. Nef, the accessory protein Vpr, and the regulatory protein Tat have been shown to alter adipogenesis (85, 91, 92) and might also contribute to the onset of insulin resistance in adipocytes (92). Interestingly, some studies have shown that Tat induces mitochondrial dysfunction [probably through mitochondrial membrane permeabilization and the generation of mitochondrial reactive oxygen species (ROS) (93)], which might account for the observed AT dysfunction and insulin resistance. It was established that HIV infection upregulated the expression of collagen 6, fibronectin and the profibrotic factor TGF-β in SCAT and (to a lesser extent) VAT. These observations were confirmed in vitro, where Tat and Nef promoted the acquisition of a profibrotic phenotype and increased the production of ECM components by adipocytes and their precursors (91).

The impact of the viral proteins on immune cells is well documented in general but has not been specifically investigated for AT-resident immune cells. It is known that the intracellular diffusion of viral proteins influences the function of T cells (94–96) and macrophages (97, 98). Nef binds to CXCR4 and modulates T cell activation (99). Lastly, T cells are activated (as expected) after exposure to viral proteins but the impact on the immune response in AT has not been extensively investigated.



Direct Infection of AT-Resident CD4 T Cells

The observation of high numbers of immune cells (and notably CD4 T cells and macrophages) in AT in obese individuals prompted reexamination of whether AT was directly infected by HIV. Couturier et al. detected HIV in the stromal vascular fraction prepared from AT (100). Subsequently, HIV (and SIV, in macaque models) were detected in the CD4 T cell fraction (101, 102) in both viremic and controlled ART-experienced patients. Lastly, several research groups have confirmed that the virus found in AT is replication-competent (102, 103). It is noteworthy that unambiguous data on the macrophage fraction are not available: the virus was found in the viremic macaque model but not in samples from ART-experienced, HIV-infected patients (102).



Systemic effects of HIV infection on AT functions

Although HIV is undetectable in the blood of ART responders, some dysfunctions persist. An ART-controlled HIV infection is known to be associated with low-grade chronic inflammation and persistent immune dysfunction (104–107), although the extent of these defects is subject to debate. Schematically, three main HIV-related factors may indirectly impact AT functions: gut dysfunction, immune dysfunction, and inflammation.


Gut Dysfunction

A crucial event during the first stage of an HIV infection is the severe, rapid depletion of the CD4 T cell compartment in the gut. ART enables only partial restoration of the gut mucosa (108) and does lasting damage to the gut’s functional properties. In some ART-controlled patients, gut dysfunction impacts both the immune responses and the AT functions. The intactness of the epithelial barrier is weakened, leading to greater microbial load and viral persistence that are factors in chronic immune activation and inflammation. The disruption of the gut microbiota (109) modulates AT functions and subsequently impacts AT immune cells. Indeed, gut microbiota has a causal role in the development of obesity and associated metabolic disorders (12, 110, 111): microbiota transplanted from obese mice induces obesity. Given the central role of gut microbiota on metabolic and immune responses, multiples pathways are presumably involved (increase in LPS that may directly favor AT expansion, changes in metabolites and miRNA production by the gut, resulting in changes in AT immune cells inflammatory potential and in metabolites, adipokines and miRNA production by AT…). We currently lack data on changes in metabolite and miRNA production in the gut during chronic ART-controlled HIV infection.



Immune Dysfunction

The immune responses that develop during HIV infection lead to a progressive loss of cell function. For example, HIV-specific CD8 T cells exhibit an exhausted profile (112). The loss of immune function has several known causes, and others probably remain to be found. The following causes are commonly cited: (i) persistent antigenic stimulation; (ii) dysregulated immunoregulation (the important immunosuppressive population of Tregs are targeted by HIV, albeit to a lesser extent than conventional CD4 T cells, and thus control the immune responses less tightly; (iii) immune activation caused by exposure to a pro-inflammatory environment, (iv) the differentiation of T cells into less functional cells (such as senescent and/or exhausted cells), which in turn favors antigen persistence. Given that the AT is also a site of immune cell accumulation (predominantly CD4 T cells and immunoregulatory T cells in lean individuals), immune dysfunction during chronic HIV infection can particularly disturb the AT-resident immune cells’ immune and metabolic functions.



Chronic Inflammation

The low-grade inflammation observed in chronic HIV-controlled patients has several causes. It combines immune dysfunctions (CD4 depletion, which is partially restored; defects in immunomodulatory mechanisms, and gut disruption), metabolic inflammation (“meta-inflammation”), inflammation associated with pathogen persistence/overload (leading to constant immune activation, i.e. “infectious inflammation”) and “inflammageing” (HIV infection has been linked to accentuated ageing) (3). The residual inflammatory signature also depends on several factors, including the CD4 T cell count (both at the nadir and after treatment), the timing of ART, the patient’s age and gender of the patients, and non-HIV-related factors (overweight, viral co-infections, smoking, alcohol consumption, recreational drug abuse, drug toxicity, etc.) (106, 113). Regardless of the exact nature of the inflammation that develops during a chronic ART-controlled HIV infection, the AT is highly sensitive to the inflammatory environment. As described above, systemic inflammation may contribute to or initiate local inflammation in AT. Reciprocally, AT inflammation may contribute to the systemic low-grade inflammation observed in HIV-infected patients (Figure 2). Importantly, the amplitude and nature of this chronic inflammation is also highly dependent on effective ART. This therapy restores the CD4 T cell count fully or partially (as defined by the patient’s status as an “immune responder” or an “immune nonresponder”) and reduces microbial translocation, viral persistence in reservoirs, and inflammation. Although ART is highly beneficial, it is also associated with metabolic side effects – notably within AT. ART can thus drastically change the nature of the inflammation that persists during chronic HIV infection.




Figure 2 | Contribution of AT dysfunction to HIV-related low-grade inflammation. The exact degree of low-grade inflammation associated with chronic, controlled HIV infections remains subject to debate. The inflammation profile depends on the biomarkers studied and the clinical context of chronic HIV infection (including the time of ART initiation, and the severity of the primary phase of the infection). However, various triggers of inflammation are commonly reported to contribute to low-grade chronic inflammation: viral persistence, gut disruption, immunoregulatory defects, and non-HIV related comorbidities. Each of these main factors (shown in the inner circle) has several subfactors (shown in the outer circle). Fat alterations and the toxicity of ARVs also contribute.







ART-Related Lipodystrophy


Description

Prior to the development of ART, HIV-infected patients were seen to experience severe changes in body composition (including loss of muscle and AT) during the first few years of HIV infection. This resulted in cachexia, especially when patients had progressed to AIDS (85).

The introduction of the first thymidine nucleoside reverse transcriptase inhibitors (NRTIs), such as zidovudine and stavudine, enabled partial control of the HIV infection and delayed the onset of AIDS. Next, the introduction of protease inhibitors (PIs) enabled the “resurrection” of patients with AIDS who were already in a state of profound, life-threatening immunodeficiency. Triple therapy (a combination of two NRTIs and a PI) enabled real control of the virus, with an increase in the CD4 cell count and a marked decreased in the HIV load. However, patients with controlled infections commonly lost fat, even though the muscle mass was unaffected. This lipoatrophy was observed at all SCAT locations (the limbs, trunk, face, and buttocks). In particular, facial lipoatrophy gave the patient a striking, stigmatizing, cadaveric appearance – a hallmark of HIV infection. Furthermore, the levels of visceral fat variously decreased or increased, giving a mixed lipodystrophy phenotype (peripheral lipoatrophy plus central lipohypertrophy). Lastly, some patients developed a “buffalo neck”, with the accumulation of fat at the back of the neck.

It was soon determined that thymidine NRTIs (mainly stavudine but also zidovudine) were responsible for the lipodystrophy, and these drugs were replaced by NRTIs with little or no AT toxicity. However, the features of lipoatrophy can persist for years (with long-term cardiometabolic consequences) after a patient has switched from thymidine NRTIs.



The Impact of First-Generation ARVs on Adipocytes and Their Progenitors

The mechanisms underlying the effects of individual drugs on AT have been investigated ex vivo and in vitro. The ex vivo studies of fat samples from patients were limited by the fact that none of the latter were being treated with a single ART and that the triple therapy at that time constituted of a PI and two NRTIs. In general, only subcutaneous fat samples were available. The in vitro studies of each ART on adipose cells in cultured models were limited by the absence of a true, three-dimensional AT milieu comprising the different cell types (Figure 3).




Figure 3 | ART-related fat alterations. ART controls HIV replication, improves systemic immune function, decreases chronic inflammation, promotes immune reconstitution and function, improves gut function and integrity, and decreases the viral load and viral protein concentration in the blood (A). However, it is not known whether ART decreases the number of infected T cells or the viral protein concentration within AT (B). Regarding conventional ART, the NRTIs stavudine and zidovudine, some PIs boosted by ritonavir, and the NNRTI efavirenz (EFV) induce alterations in AT such as fibrosis, altered adipogenesis, and local immune dysfunction. ART does improve immune function and expression levels of some adipogenic markers (e.g. PPARγ) in the AT, relative to treatment-naive HIV-infected patients. However, adipogenic marker expression is still lower than in non-infected people. ART induces mitochondria dysfunction and alters adipogenesis in both ASCs and adipocytes. ART-treated adipocytes present with oxidative stress and insulin resistance. Furthermore, some ARVs induce pro-inflammatory adipokine/cytokine secretion by adipocytes, ASCs and macrophages and CD8 T cells accumulation; this contributes to AT immune dysfunction and inflammation. It was recently reported that some INSTIs can be associated with fat and weight gain, adipogenesis, fibrosis, and adipocyte hypertrophy/dysfunction, with increased insulin resistance in vitro. INSTIs also induce collagen production, mitochondrial dysfunction, and oxidative stress in both ASCs and adipocytes, which might promote fibrosis. Nonetheless, the local impact of INSTIs on immune cells within the AT remains to be determined (C).




The First-Generation Thymidine NRTIs Stavudine and Zidovudine

Ex vivo analyses of samples taken from lipoatrophic areas indicated that AT was deeply affected, with small adipocytes, fibrosis, and crown-like structures indicating the infiltration of macrophages around dead adipocytes (114, 115). This situation was unusual because crown-like structures are observed during obesity, when adipocytes are enlarged. In cases of lipoatrophy, these histological features pointed to a toxic effect of ART on adipocytes. Furthermore, expression levels of the main adipogenic factors (peroxisome proliferator activated receptor γ (PPAR-γ), CCAAT/enhancer-binding protein alpha (C/EBP-α), and sterol regulatory element-binding transcription factor 1 (SREBP-1)), adipose markers, adiponectin, and leptin were abnormally low. Greater levels of inflammation were characterized by increased gene and protein expression of proinflammatory cytokines (like IL-6 and TNF-α) by stressed adipocytes and immune cells infiltrating the AT. Furthermore, the AT from lipoatrophic subjects has a low mitochondrial DNA (mtDNA) content and low expression levels of the mitochondria-encoded proteins required for adequate metabolic function in adipocytes (116, 117). In end-stage lipoatrophy, all the subcutaneous ASCs and adipocytes were destroyed. In contrast to SCAT, few studies have evaluated alterations in VAT in ART-treated patients. However, NRTIs appear to be less toxic for VAT adipocytes than for SCAT adipocytes (85).

The role of thymidine NRTIs was further investigated in patients who switched from these drugs. Progressive AT recovery was observed, although recovery from severe lipoatrophy was often only partial - probably due to irreversible exhaustion of the ASCs in subcutaneous fat (118).



The First-Generation PIs Indinavir and Nelfinavir

Studying PIs in clinical AT samples was difficult since the patients were receiving two NRTIs (including one thymidine NRTI) at the same time as a PI. Therefore, most of the information on the effects of indinavir and nelfinavir has been obtained in vitro (see below). It has been suggested that some PIs have a role in the shift from a brown/beige phenotype to a white phenotype because the expression of the micro-RNA processing enzyme Dicer was found to be low in lipoatrophic areas, and this decrease was proportional to the duration of PI use.




ART-Related Changes in Fat With Combinations of Today’s ARVs


Description

More recently, HIV-infected patients with long-term control of the infection were generally receiving triple therapy with two NRTIs and a PI or a nonnucleoside reverse transcriptase inhibitor (NNRTI, such as efavirenz). As the treated patients aged, however, the prevalence of comorbidities increased. The patients often gained weight and fat, with the classical truncal distribution seen during ageing (85, 119). These changes were associated with adverse cardiometabolic outcomes, as atherosclerotic cardiovascular disease (CVD), diabetes, and non-alcoholic fatty liver disease (NAFLD).

This increase in trunk fat is seen in both women and men and in all ethnic groups. It can result in obesity, particularly when the initial bodyweight is already high (as observed frequently in North America and less so in Europe). As the person ages, the fat gain is often accompanied by the loss of muscle mass. This situation is called sarcopenic obesity and is associated with harmful cardiometabolic outcomes.

Nowadays, the recently developed class of INSTIs is widely used to control HIV infections. Although the INSTIs are effective and safe, combination therapy (with the addition of an NRTI) is typically required to control the virus. However, some patients gain weight and fat mass (mainly on the limbs, trunk, and abdomen) and become obese (85).

Weight gain can affect treatment-naive patients initiating ART. A large proportion of this gain is due to a return to good health; patients with a low CD4 and a high viral load gain the most weight during the first two years of ART. Nevertheless, this weight/fat mass gain is excessive in some individuals taking an INSTI [mainly dolutegravir (DTG) and bictegravir], especially in women (vs. men) and African ethnic groups (vs. Caucasians) (120, 121). Weight gain is also observed in some ART-controlled patients who switch to an INSTI; female sex and older age are risk factors for this increase. Nevertheless, it is unclear why some patients (but not others) gain weight disproportionally. Recent studies have indicated that along with INSTIs, commonly used “older” drugs can also modulate weight gain. For example, the NNRTI efavirenz and the NRTI tenofovir diproxil fumarate (TDF) have been linked to lower weight gains, while tenofovir alafenamide (TAF, a derivative of TDF that concentrates within cells) is associated with a greater weight gain (121).



The Impact of INSTIs and TAF/TDF on Fat

In AT, adipocytes can sequester ARTs inside the adipocyte lipid droplet, which contributes to viral persistence (87). Adipocytes have consistently been shown to reduce the antiviral efficacy of TDF and TAF in vitro, and some INSTIs have been found in AT (122).


Effect of INSTIs

Recent ex vivo studies have found that fibrosis, adipocyte size, and adipogenic marker expression are greater in SCAT and VAT samples from INSTI-treated macaques than in samples from untreated animals. Similarly, SCAT and VAT from obese INSTI-treated HIV-infected patients show higher levels of fibrosis than samples from INSTI-naïve obese patients (85, 123).

DTG has been detected within adipocytes and in the stromal vascular fraction prepared from VAT (122), suggesting that it has access to ASCs and adipocytes in vivo. Raltegravir (RAL) has a high level of tissue penetration and is therefore likely to accumulate in AT (124). These features might explain the fat mass gain in treated patients (Figure 3).

Recent results suggest that INSTIs can decrease SCAT inflammation. In the OBEVIH cohort of obese subjects undergoing bariatric surgery, the level of inflammation was lower in HIV-infected patients treated with an INSTI than in patients not receiving an INSTI and in HIV-negative controls (Pourchez V, unpublished data). Accordingly, our study of SCAT samples from HIV-infected patients switched from a PI-containing regimen to combination therapy with RAL and the CCR5 inhibitor maraviroc revealed very low expression levels of genes involved in T lymphocyte signaling (125).



Effects of TAF vs. TDF

Differences in pharmaceutical formulation mean that TAF has lower circulating concentrations but higher intracellular concentrations than TDF. It remains to be determined why TDF prevents weight gain and TAF enhances it. However, it is possible that these effects are related to differences in the level of drug-induced oxidative stress.






A Third Factor: The Host Status Prior Infection


Inflammation Is an Integrative Process

It is challenging to distinguish between the respective effects of HIV infection, ART toxicity and personal factors on the inflammatory profile developing in ART-controlled HIV-infected patients. The interplay between HIV and the ARVs are multiple. Firstly, ART reduces viral persistence and virus-related immune defects, suggesting that the persisting low-grade inflammation observed in ART-controlled patients may partly relate to ARV-toxicities when immune restoration is achieved. Among host-related factors, the severity of the primary phase, the size of the pre-established viral reservoir may affect the quality of the immune restoration and also participate to the development of low-grade inflammation. Immune and tissue-specific natural senescence together with the presence of age-related comorbidities may also contribute to the development of an exacerbated immune responses. In aged patients, ART toxicity is increased probably due to reduced capacities to detoxify and eliminate drugs (kidney and liver failures) and to the prescription of other drugs (polypharmacy).

Importantly, patients with efficient immune restoration present inflammatory profile close to healthy individuals (106, 113), suggesting a limited impact of currently used ARVs per se on inflammation. However, the question of the relative impact of HIV infection and ARV remains open when considering patients with partial immune restoration. One may hypothesize sequential impacts of HIV infection and ARV on AT. It could be hypothesized that ARV may impact differently AT that was previously disrupted by HIV infection compared to uninfected AT, possibly acting in synergy to amplify adipose dysfunction. The same notion may apply to other infections that target AT (tuberculosis, CMV, …) and may alter the metabolic and immune parameters of AT. Lastly, because HIV persist in AT even after ART induction, one may consider the combined impacts of HIV infection and ARVs on the alteration of AT. These questions are difficult to address ex vivo since ARV are prescribed only to HIV-infected patients and very limited data are available in animal models regarding the study of ARV toxicity with/out HIV/SIV infection, and the associated inflammation.



An Important Factor: The Host Metabolic Status Prior Infection

Importantly, the impact of HIV infection and ARV on AT may also directly rely on the host metabolic status prior infection. In that respect, preexisting obesity may exacerbate the pathophysiology of HIV infection and the toxicity of ARVs. Studies in NHP demonstrate the higher severity of SIV pathogenesis in animals fed with high fat diet with resulting cardiovascular (CV) and liver alterations (126, 127), but ARV were not administered in this setting. Data in humans are obviously less consensual. Before ART’s availability, HIV infected patients with higher BMI showed slower HIV progression compared to underweight patients (128, 129), presumably due to delayed wasting/cachexia effects. In ART-treated patients, obese or underweight patients exhibited higher cumulative mortality rates, delineating an optimal BMI range between 24 and 28 (130) and obesity has been identified as a risk factor for multimorbidity (131). Regarding the impact of obesity on CD4 T cell reconstitution, patients with higher BMI before ART initiation exhibit higher (132, 133) or comparable (134) immune reconstitution. This apparent discrepancy between mortality rate and CD4 T cell restoration exemplified the diverse impacts of obesity which is associated simultaneously with positive and negative effects. However, the impact of obesity on the toxicity of ARV remains ill-documented. It has been hypothesized that the sequestration and metabolism of ARV may differ in obese versus lean patients. ART plasma concentrations were lower in obese patients, although not impacting the viral control (135).

As a whole, the close interplay between HIV infection, ARV toxicity and metabolic status prior infection and/or following ART introduction may be considered as a combination rather than as independent factors of inflammation.





Phenotypic and Mechanistic Changes in AT


Metabolic Changes


Local Effects

A number of in vitro studies have sought to describe the mechanisms involved in the detrimental effects of individual PIs, NRTIs and NNRTIs on adipogenesis, insulin signaling, adipokine secretion, and apoptosis (85).

In vitro studies of adipocytes cultured with individual thymidine NRTIs showed that stavudine and (to a lesser extent) zidovudine were toxic for AT. The drugs inhibited the mitochondrial DNA polymerase (required for mtDNA replication) and also induced severe oxidative stress. Thus, toxic effects on mitochondria might result in an energy deficiency and high levels of oxidative stress (136). Inter-individual differences in sensitivity to the lipoatrophic effect of stavudine or zidovudine might be related (at least in part) to mtDNA haplogroups, some of which are variously associated with a greater risk of lipoatrophy (the H, I and K haplogroups) or a lower risk (the T and W haplogroups) (137, 138).

The effects of first-generation PIs on adipose cells have also been evaluated in vitro. These effects might result (at least in part) from the inhibition of the enzyme ZMPSTE24, which is responsible for the maturation of the precursor prelamin A into the nuclear protein lamin A. First-generation PIs were able to inhibit the enzyme, which led to the accumulation of prelamin A around the nucleus and to mislocalization of SREBP-1 (139, 140). The accumulation of prelamin A favored cell senescence, adipocyte dysfunction, and insulin resistance. First-generation PIs could also induce endoplasmic reticulum (ER) stress. Furthermore, a recent study showed that both short‐ and long-term treatment with the first-generation PI lopinavir promoted whitening of brown adipocytes differentiated in vitro. This shift impeded fatty acid oxidation and favored insulin resistance (141–143).

Efavirenz has been used for a long time and is still given to HIV-infected people today. However, it can reduce adipogenesis and adiponectin expression whilst increasing the expression of proinflammatory markers (144).

More recently, several research groups have started to identify and characterize the mechanisms involved in the INSTIs’ effect on weight/fat gain. The etiology of INSTI-related weight/fat gain is unclear but may include indirect effects on thermogenesis, appetite or energy regulation, or a direct effect on AT. We have observed that some INSTIs do indeed have a direct impact on adipocytes: DTG and (to a lesser extent) RAL increased ECM accumulation and adipocyte hypertrophy. Despite the increase in adipogenesis, INSTIs also promote oxidative stress and insulin resistance (123). The mechanisms involved are being studied but one can reasonably hypothesize that adipocyte hypertrophy in the abdominal SCAT of patients on INSTIs compensates for the decreases in beige AT and energy expenditure. Interestingly, a recent study showed that the brown AT transcription factor PRDM16 might protect against the development of fibrosis in WAT (145). Furthermore, TGF-β inhibits the beiging of adipocyte precursors (146). A decline in beiging might therefore also be involved in the fibrosis observed in the AT of INSTI-treated patients. These associations highlight the need to determine whether people living with HIV (PLWH) are at risk of cardiometabolic disease as a result of reduced beiging capacity in WAT; this might constitute a novel mechanism for metabolic dysregulation in this population.

Another hypothesis relates to the effect of INSTIs on food intake. It has been shown that DTG inhibits the binding of α-melanocyte-stimulating hormone (αMSH) and melanocortin 4 receptor (MC4R) in the hypothalamus; this might promote hyperphagia (147, 148). However, the serum DTG levels in patients are much lower than those required for hyperphagia (149).

In the context of obesity, elevated fibrosis is mainly due to periadipocyte fibrosis; the latter has been linked to metabolic disorders (60) and was observed in the AT of INSTI-treated macaques and patients. These alterations might result from increased oxidative stress. Indeed, lipohypertrophy in PLWH has previously been linked to mitochondrial toxicity in AT (150). Accordingly, we found that DTG and RAL promoted ROS production and mitochondrial dysfunction. We hypothesized that in the context of HIV infection and stressed adipocytes in a profibrotic environment (due to the impact of HIV, obesity, or antiretrovirals other than INSTIs), INSTIs might alleviate adipocyte stress (thereby favoring hypertrophy/expansion) but might also increase oxidative stress, reduce metabolic flexibility, and accentuate insulin resistance.



Systemic Effects

After secretion by AT, the hormones adiponectin and leptin regulate key pathways in lipid and glucose metabolism (151). Adiponectin has a potent anti-inflammatory and anti-atherogenic action, and a decrease in adiponectin levels is correlated with the development of insulin resistance (152). Adiponectin also has an important role in lipid metabolism by increasing fatty acid oxidation in skeletal muscle and in the liver and thus lowering circulating FFA levels (153). In contrast, leptin regulates the energy balance by inhibiting hunger but also has major effects on insulin sensitivity and inflammation (154). In accordance with the observed alterations in AT function, circulating levels of adiponectin and leptin are low in both ART-treated and treatment-naive patients (155). Furthermore, some studies have shown that DTG and RAL lower circulating adiponectin levels (156–160). Recently, it has been suggested that the adiponectin/leptin ratio is a marker of AT dysfunction; threshold values for cardiometabolic risk have been determined (161, 162) and could therefore be explored in ART-experienced HIV-infected patients.

Metabolite profiles are altered not only in plasma/serum but also in a variety of other biological fluids. In cerebrospinal fluid, alterations in energy metabolites were found to be correlated with neurocognitive impairments and increased inflammation in ART-experienced HIV-infected individuals. These alterations overlap with the metabolic alterations seen in older HIV-negative individuals and suggest that aging is accelerated by exposure to ART (163).




Immune Changes


AT-Resident Immune Cells

Studies of samples collected from HIV-infected people (mostly ART patients) and HIV-negative controls are difficult to interpret because of large intergroup differences in infectious, metabolic and treatment-related parameters. In this respect, nonhuman primates are interesting models for determining the effect of HIV in the presence or absence of ART, and provide a more controlled experimental setting with regard to the individuals’ infectious and metabolic histories. Regardless of the model and the stage of infection considered, mRNA/protein quantification (on supernatants or microscopy) and flow cytometry studies (102, 103, 164) have shown that chronic HIV/SIV infection is associated with a shift towards a pro-inflammatory immune profile in AT. In humans, levels of adipose-macrophage-derived cytokine (IL-12, IL-6, IL-8, and MCP-1) are higher in HIV-infected individuals than in noninfected individuals. In cynomolgus macaques, the overall macrophage count in AT was similar in HIV-infected and noninfected individuals but the former group had a higher proportion of non-M2 macrophages (based on the expression of CD206 and CD163 as M2 markers) (102). Changes in the T cell compartment have been reviewed in detail (165). The most important change is a decrease in the CD4/CD8 ratio, with an accumulation of CD8 T cells during chronic untreated SIV infections (101, 102). Research on the CD4 T cell fraction (166, 167) in both humans and nonhuman primates revealed an AT-specific phenotype, whereas differences between HIV/SIV+ and HIV/SIV noninfected animals were limited. AT-resident CD4 T cells are characterized by higher expression levels of PD-1 and CD57 and higher proportions of effector memory (Tem) and CD45RA+ Tem (Temra) - suggesting a more activated/exhausted profile. High expression of CD69 on AT-resident T cells has also been reported (166, 167), although this marker is associated with resident memory cell differentiation and/or activation. The Treg fraction (a seminal immunoregulatory subset) was reportedly prominent in the AT in some mouse models (31, 168). In contrast, baseline Foxp3 expression was low in both HIV-infected and noninfected people, even though the proportion of Tregs was slightly higher in SIV-positive animals (166).

Overall, chronic HIV infection appears to have the same effects on AT as obesity (a shift towards M1 macrophages and CD8 T cell accumulation), albeit to a lesser extent. Data on the modulation of other immune cell fractions present in AT during HIV infection (in the presence or absence of ART) are lacking. Likewise, HIV-related changes in the status of neutrophils, CD4 Th1 T cells, and type 1 innate lymphoid cells as effectors or partners in pro-inflammatory immune responses have not yet been studied. However, this knowledge may be needed to fully understand the complex crosstalk between immune and metabolic cells in AT and to further evaluate local inflammation in AT during HIV infection.



Inflammation

The pro-inflammatory cytokine profile of AT in HIV/SIV-infected individuals vs. noninfected individuals has been characterized by detecting proteins or mRNA in AT lysates or supernatants of AT fractions. Although the studies differed with regard to the experimental methods and the cytokines assayed (91, 101, 167), all found a greater pro-inflammatory potential (with IL-2, IL-7, IL-15, CCL19, and TGF-β) in AT collected from HIV/SIV-infected individuals vs. noninfected individuals. Koethe et al. also contributed important insights into the transcriptional upregulation of genes coding for chemokines, chemokine receptors, and Toll-like receptors (167). Taken as a whole, these data suggest that chronic infection induces a pro-inflammatory profile in AT. Importantly, all the studies performed on human samples were limited by high inter-individual heterogeneity, which presumably reflects differences in metabolic and infectious histories. Important, Couturier et al. compared the AT cytokine secretion profiles in ART-experienced patients and treatment-naive patients; ART appeared to be associated with a less inflammatory profile in the AT (101).

The net impact of ART is thus obviously highly beneficial because it controls the HIV infection. ART reduces the viral load, restores (at least partially) the CD4 T cell count, and dampens inflammatory processes. This benefit is also observed within the AT, with regard to inflammatory cytokines. However, ART induces metabolic side effects (which are highly dependent on the combination used) that change the nature of the chronic inflammation associated with a controlled HIV infection. As described in this section, the ARVs’ side effects affect ASCs and/or adipocytes and can induce oxidative stress, ECM remodeling (with a consequential reduction in the metabolic responsiveness of AT), and insulin resistance. Importantly, recent studies have also evidenced a direct impact of ARVs on immune cell functions (169). DTG and elvitegravir reduce the oxidative and proliferative activities of peripheral blood CD4 T cells and thus induce a “stress” immune response with strong production of TNF but no polyfunctional cytokine responses. Based on these data, the ARV’s impact on immune activity (and not just metabolic activity) in AT should also be investigated.



Oxidative Stress, Endothelial Dysfunction, and the Renin-Angiotensin-Aldosterone System

In the context of AT disease such as obesity, vascular damage, including endothelial dysfunction, has been observed, along with oxidative stress. Increased oxidative stress develops in obese AT as a result of multiple factors: dysfunctional adipocytes in response to nutrient overload (hypertrophy, increased mitochondrial oxidation, increased levels of reactive oxygen species (ROS)), AT hypoxia, increased pro-oxidant cytokines production (such as TNF-α) by AT and increased release of FFAs. These parameters contribute to systemic oxidative stress and inflammation (170). Obesity is also associated with vascular remodeling and fibrosis in both VAT and SCAT (171). This vascular remodeling is associated with inflammation characterized by macrophage infiltration especially in SCAT and has been associated with systemic endothelial dysfunction and insulin resistance in obese patients (172).

The renin-angiotensin system (RAS) plays an important pathophysiological role. The production of RAS components by adipocytes is exacerbated during obesity, contributing to the systemic RAS which then affects the cardiovascular system (171). The up-regulation of adipose RAS, and especially the increase of angiotensin II production, promotes inflammation through increased chemokine production, oxidative stress and fibrosis (171). Conversely, blocking or preventing RAS activation in AT can reduce oxidative stress, improve insulin resistance and reduce inflammation (173, 174). Interactions between the RAS and HIV infection have been described, and could contribute to AT inflammation, but also to the onset of metabolic syndrome and hypertension in PLWH (175, 176).



Insulin Resistance and Lipotoxicity

AT dysfunction, as seen in obesity and diabetes, is generally associated with insulin resistance, a metabolic disorder affecting multiple tissues. The proposed mechanisms involved in insulin resistance include both whole body aspects, such as inflammation and metabolic inflexibility; as well as cellular phenomena, such as lipotoxicity, ER stress, and mitochondrial dysfunction. Lipotoxicity, as a result of increased lipolysis in AT and release of FFAs, is a type of cellular stress induced by the accumulation of lipid intermediates such as diacylglycerols (DAGs), ceramides, and triglycerides that facilitate the development of insulin resistance and ectopic fat deposition in muscle, liver, and adipose tissue together with a pro-inflammatory response (177). Lipotoxicity participates to the enhanced cardiometabolic risk observed in PLWH (178, 179).





Comorbidities Associated With Low-Grade Inflammation

In the general population, a number of age-related comorbidities (including cardiometabolic diseases, neurocognitive impairments, cancer, and frailty) are associated with a state of low-grade chronic inflammation. Circulating levels of several cytokines and inflammatory markers [such as IL-6 and C-reactive protein (CRP)] rise with age and might trigger these comorbidities. AT is the main source of circulating IL-6, and the cytokine triggers the synthesis of CRP in the liver. Accordingly, obesity is associated with low-grade, chronic inflammation. Hence, an increase in the mass of AT might contribute to these comorbidities by enhancing low-grade inflammation.

Several studies have evidenced a state of low-grade inflammation in ageing HIV-infected patients who are well controlled by ART. This level of inflammation is greater than in non-infected subjects (180, 181) and is thought to be involved in the elevated prevalence of certain comorbidities. The inflammation might result from HIV-related factors, such as the presence of the virus inside reservoirs, greater gut permeability, dysbiosis, an effect on gut-associated lymphoid tissue, and coinfections (which are nevertheless observed in ART-controlled patients). AT might be a key factor - first as an HIV reservoir and then as a source of inflammatory markers in the context of ART-related fat mass gain.

Some patients treated with thymidine NRTIs present persistent fat alterations several years after treatment discontinuation. In the AGEhIV cohort, long-term-infected, ART-controlled patients had a greater waist circumference, a lower hip circumference, and a greater incidence of hypertension than HIV-negative people (180). In the COCOMO study, cumulative exposure to stavudine, zidovudine or didanosine was associated with elevated amounts of VAT, lower amounts of SCAT, and a higher risk of hypertension and dyslipidemia (182).

Trunk fat accumulation is one facet of the broader condition of ectopic lipid deposition in HIV-infected patients; accumulation is also observed in the liver, epicardial tissue, and skeletal muscle. In this situation (also referred to as “metabolically unhealthy obesity”, due to its association with cardiometabolic outcomes), the storage capacity of SCAT (the largest WAT depot) is limited, and further calory overload leads to fat accumulation in ectopic tissues (e.g., liver, skeletal muscle, and heart) and in VAT depots - an event commonly referred to as “lipotoxicity”. Excessive ectopic lipid accumulation leads to local inflammation and insulin resistance (42). The clinical consequences of ectopic fat deposition are summarized in Figure 4.




Figure 4 | Inflammation changes in AT and are associated with comorbidities in ART-experienced, HIV-infected patients. AT alterations with VAT expansion, local and systemic inflammation, and gut dysfunction promote lipotoxicity in ART-experienced, HIV-infected people. Lipids accumulate in metabolic organs other than the AT, such as muscle, heart, blood vessels, liver, and pancreas. Lipotoxicity and inflammation might contribute to the development of atherogenic dyslipidemia, cardiovascular diseases, insulin resistance, diabetes, liver steatosis and NASH in the context of HIV infection and ART.




Atherosclerotic Cardiovascular Disease

Epicardial fat is physiologically similar to visceral fat and is located close to the coronary arteries. It might therefore have a major role in the development of coronary atherosclerosis (183, 184). Groups of adipocytes are close to the right ventricular myocardium and might release fatty acids to fuel the cardiomyocytes. Epicardial fat also releases adipokines, cytokines, and vasoactive products that regulate coronary artery tone. In obese patients with several CV risk factors, epicardial fat around the coronary arteries releases pro-inflammatory cytokines and presents a high macrophage count and high levels of TNF-α, IL-6, and IL-8 (185). It has been suggested that the greater volume of epicardial fat in obese subjects contributes to the elevated CV risk (186).

Several studies of ART-controlled patients have evidenced greater volumes of epicardial fat; along with traditional risk factors for atherosclerosis and the duration of ART, the amount of epicardial fat is associated with the amount of VAT and with insulin resistance. In HIV-infected patients, the epicardial fat volume is related to endothelial dysfunction and the progression of carotid atherosclerosis (187–189).

More recently, the overall fat gain observed in some patients raises the question of whether treatment with INSTIs influences cardiometabolic outcomes. At present, there is no indication of an elevated CV risk for this class of ART molecules, although long-term follow-up data (i.e. for at least 5 years) are missing.



Metabolic Liver Diseases

Liver steatosis corresponds to another type of ectopic fat deposition. An elevated liver fat content has been reported in patients with lipoatrophy and in those with central obesity - two situations associated with systemic low-grade inflammation. In HIV-mono-infected patients, the prevalence of steatosis is relatively high, relative to the body mass index (BMI) (30-35%) (190). In some people, simple steatosis can progress to a more worrying situation: non-alcoholic steatohepatitis (NASH), with liver inflammation and often progressive fibrosis. Severe fibrosis (cirrhosis) and progression to hepatocarcinoma are life-threatening.

Several studies have highlighted the strong relationship between trunk fat accumulation and steatosis or fibrosis in HIV-infected subjects. In a matched cohort of 468 HIV-mono-infected patients the prevalence of significant liver fibrosis (≥Fibroscan grade 2) was 25.1% in patients with metabolic syndrome and 7.9% in those without. In a multivariate analysis, obesity and insulin resistance were independently associated with advanced fibrosis (≥Fibroscan grade 3). Leptin and soluble (s) CD163 were strongly associated with fibrosis/cirrhosis, whereas HIV parameters and ART were not. Thus, AT and macrophage activation might be key players in the development of liver fibrosis in HIV-infected patients (191). In a study of 62 HIV-infected adults with elevated aminotransferase levels, insulin resistance, obesity, and the presence of either of two minor alleles in the PNPLA3 gene were significantly associated with an elevated risk of NASH and fibrosis. NASH and/or fibrosis were not associated with the duration of HIV infection or ART (192).



Insulin Resistance and Diabetes

In the APROCO cohort of HIV-infected patients followed up for 10 years after the initiation of first-generation PIs, the incidence diabetes peaked in 1999-2000, and was linked to treatment with indinavir, stavudine and didanosine. As expected, diabetes was associated with age and adiposity. The main risk factor was the waist-to-hip ratio (hazard ratio: 3.9), which highlighted the key role of truncal obesity (193). In a longer-term study of 352 patients from the cohort, the prevalence of diabetes was 11%, and the prevalence of atherogenic dyslipidemia (a high triglyceride/high-density lipoprotein ratio, observed mainly in diabetic subjects) was 9%. Diabetes and atherogenic dyslipidemia were associated with elevated levels of systemic markers of oxidative stress and inflammation (194).

The more recent use of INSTIs has resulted in overall fat gain in some patients. While blood lipid levels are generally lower, the outcome for insulin resistance is less clear. We have observed elevated insulin resistance in well-controlled, aging patients switched from a PI-containing regimen to RAL/etravirine; this is probably linked to INSTI-related weight gain (195). Regarding diabetes, 722 of the 22,884 eligible individuals (3%) in the USA/Canadian NA-ACCORD study of ART-initiators developed this condition. Persons initiating INSTIs + NNRTIs had the same incident risk of diabetes as those initiating PIs+ NNRTIs. This effect was most pronounced for RAL. The association between INSTI and diabetes was attenuated by accounting for 12-month weight gain. Initiating combination ART regimens with INSTIs or PIs + NNRTIs may confer a greater risk of diabetes; this is probably mediated by weight gain (196). In the French DAT’AIDS study, 265 of the 19,462 HIV-infected patients initiating ART developed diabetes. Multivariate and survival analyses did not highlight an increase in new-onset diabetes in patients undergoing combination ART with an INSTI as a third agent (relative to an NNRTI or a PI). BMI, age, African or Hispanic ethnicity, arterial hypertension, and AIDS were associated with a higher incidence of diabetes (197).

Hence, it is currently not clear whether INSTIs have an additional effect on the incidence of diabetes, other than that related to weight gain. However, clinicians should be aware of this possible metabolic comorbidity - particularly in older patients and in patients with a high BMI.

Relative to non-infected subjects, HIV-infected patients present a higher prevalence of age-related comorbidities associated with a higher level of systemic inflammation. This might result from a number of factors related to HIV infection and coinfections (with hepatitis C virus or CMV) but also modifiable risk factors such as smoking, alcohol abuse and substance abuse (181, 198). Furthermore, adiposity and particularly truncal fat accumulation are associated with low-grade inflammation and comorbidities resulting from greater ectopic fat deposition.




Therapeutic Strategies

Here, the goal of treatment (in addition to ART) is to decrease inflammation, immune activation, and thus the related comorbidities. Even though these strategies do not specifically address AT, they might act on this tissue in addition to other organs. As observed for obesity-related cardiometabolic complications in the general population, weight reduction has been consistently associated with lower AT inflammation and results in better cardiovascular, hepatic and metabolic outcomes (i.e. a lower incidence of NAFLD, insulin resistance, and diabetes) (199). This approach is relevant in overweight or obese HIV-infected patients with central fat accumulation. Furthermore, regular exercise is an excellent strategy for reducing inflammation and cardiometabolic complications (199).

Other strategies aiming at reducing systemic inflammation to reduce comorbidities have been tested in HIV-infected patients and are reviewed elsewhere (198). The lasting association between inflammation and atherosclerosis has prompted significant interest in strategies for inhibiting inflammatory proteins upstream of CRP - particularly IL-6 and IL-1β. The strongest evidence to date in favor of preventing CVD by reducing inflammation comes from the CANTOS study using canakinumab, inhibiting IL-1β, albeit in HIV-negative participants (200). In HIV-infected patients, Hsue et al. recently demonstrated that IL-1β inhibition with canakinumab reduced atherosclerotic inflammation (201) but was not associated with other improvements. In a phase II trial, HIV-infected patients at an increased risk of atherosclerotic events were treated with low-dose methotrexate or placebo for 24 weeks (202). Low-dose methotrexate had no effect on the primary endpoint (brachial artery flow-mediated dilation) or levels of various inflammatory biomarkers, and the trial was stopped prematurely. The potential effect of the Janus kinase inhibitor ruxolitinib was evaluated in an open-label trial in HIV-positive patients (Marcolin VC, unpublished data). At week 5, the sCD14 level was significantly lower in the ruxolitinib arm than in the ART-alone arm but the IL-6 level was not. Since D-dimer elevation is linked to the pro-inflammatory profile reported in PLWH, it has been suggested that anticoagulant drugs may be of value in treating the pro-coagulant state. Orally administered edoxaban (a direct factor Xa inhibitor) was tested against placebo in the TACTICAL-HIV trial (Baker JV, unpublished data). However, four months of edoxaban treatment did not lead to lower levels of biomarkers associated with inflammation or monocyte activation.

The anti-inflammatory activity of 3-hydroxymethyl-3-methylglutaryl coenzyme A reductase inhibitors (i.e. statins) is well documented (203), and several clinical trials have assessed the benefits of these drugs on surrogate markers of CVD (along with LDL-lowering activity) in ART-suppressed HIV-infected patients. In the SATURN-HIV trial, rosuvastatin (10 mg/day) was significantly associated with low levels of sCD14, with a fall of approximately 10% at 48 weeks (204). Lower levels of several markers of vascular inflammation were also observed. In the INTREPID trial, similar results were observed for pitavastatin but not for pravastatin (205). It is now necessary to determine whether the statin-induced reduction of inflammatory/immune activation and cardiovascular biomarkers translates into a reduction in morbidity and mortality in HIV-infected patients. The ongoing REPRIEVE study is addressing this question (206).

Taken as a whole, strategies designed to decrease systemic inflammation/immune activation in HIV-infected patients have not produced a clear reduction in comorbidities. Again, combinations of simple lifestyle modifications (e.g. exercise and weight loss) with decreased AT inflammation have been validated for reducing the incidence of cardiovascular events, diabetes, and NAFLD.



Conclusion

AT is targeted by both HIV infection and ART. HIV targets AT both directly (direct infection of AT CD4 T cells) and indirectly (viral protein release, inflammatory signals, and gut disruption). Schematically, ART impacts adipogenesis, adipocyte homeostasis, and ECM remodeling (including fibrosis), whereas viral persistence directly impacts the metabolic and immune functions of AT immune cells. In a chronic ART-controlled HIV infection, the direct impact of HIV per se is less severe than that of ART. Indeed, ART efficiently reduces the viral load and the various immune defects associated with the early stage of infection. However, restoration of the immune system is only partial, and the persisting damage inflicted on the immune system during the early stages of infection might contribute to AT inflammation. Given the close links between the gut and AT, the latter’s functions may also be indirectly impacted by the massive CD4 T cell depletion observed in the gut in the early stages of infection. Subsequently, AT’s endocrine activity and its release of metabolites will increase systemic immune activation and inflammation. Furthermore, ART reduces the viral load to undetectable levels in the circulation blood but does not eradicate the virus in reservoir sites such as AT.

In the longer term, the various direct toxic effects of ARVs might drive low-grade inflammation in HIV-infected patients. These effects are highly dependent on the classes/combinations of ARV used, that variously target ASCs and/or adipocytes, and can induce oxidative stress, ECM remodeling (with a consequential reduction in the metabolic responsiveness of AT), and insulin resistance (125). Ongoing research is also evaluating the direct impact of ARVs on immune cells. Given the crucial, pleiotropic, metabolic role of AT and the complex, intricate dialogue between AT and HIV-related or ART-related parameters, it is still very difficult to evaluate the contribution to systemic inflammation of AT in general and HIV-related changes in AT in particular. These contributions might also depend strongly on metabolic alterations and comorbidities present at the start of the infection.
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Markers Biological and clinical characteristics Ref.

Soluble markers

Tumor necrosis factor « - Produced by macrophages and T-cells 47
- Used for cel signaling and cytokine stimulation
- Associated with disease progression

Interferon-y (FN-y) - Produced by T-helper cells, CD8+ lymphocytes and NK cells 52
- Induction of several pro-inflammatory cytokines and anti-viral characteristics
- Especially active during acute HIV infection

Interleukin-6 - Released by monocytes and macrophages. 4
- Elevated during chronic stage of infection
- Associated with disease progression, especially CVD

D-diimer - Fibrin degradation product 56
-Associated with disease progression, especially CVD

Soluble CD14 - Marker of monocyte activation and indirect marker of microbial translocation 58
- Associated with disease progression

LPS - Endotoxin, a marker for microbial translocation 50
- Associated with disease progression

Bacterial 165 DNA - Marker for microbial translocation 50
- Prognostic value in HIV is unknown

Soluble CD27 - Marker of T-cel activation 53
- Rapid increase in case of viral rebound

Soluble CD40 ligand - Marker for platelet activation 54

- Implicated to contribute to innate and adaptive immune dysfunction
- Prognostic value in HIV is unknown

Cellular markers

HLA-DR+ - MHC class Il receptor on CDA-+ and CDB+ lymphocytes 60
- Upregulated in response to signaling and being a marker for T-cell activation
CD38+ - Glycoprotein expressed on lymphocytes and macrophages 61

- Upregulation mediated by IFN- y and LPS
- Considered as a T cell activation marker

Ki67+ - Nuclear antigen being a marker for cell proliferation. Present in all cells during mitosis, 7
including T lymphocytes

PD-1 co-stimulatory receptor - Regulating T-cell response 63
- High levels are considered to be result of T-cell exhaustion

Annexin-V-+ - Marker for apoptosis 62

For parameters predictive of disease progression, it is not further specified whether this includes declining CD4+ cell counts or clinical AIDS-defining events. CVD, cardiovascular
disease; LPS, lipopolysaccharide; Ref, reference; PD-1, programmed death-1.
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Differences between VAT and SCAT

Adipocytes Stromal/vascular cells
Pro-inflammatory factors
IL-6 VAT > SCAT ++ ++
TNF-o. VAT =3 SCAT + +++
IL-18 VAT > SCAT + ++
Resistin VAT > SCAT + ++
Leptin SCAT >3 VAT +4+ -
Chemokines
IL-8 VAT > SCAT + ++
RANTES VAT = SCAT + ++
MCP-1 VAT > SCAT + ++
Anti-inflammatory factors
IL-10 VAT = SCAT + ++
IL-1Ro VAT = SCAT + +
IL-4 VAT > SCAT + ++
Adiponectin VAT > SCAT +++ i

The table gives a non-exhaustive list of adipokines/cytokines with prominent pro- or anti-inflammatory activities from among the 400 produced by AT. Three groups are defined here: pro-
inflammatory cytokines (IL-6, Tumor necrosis factor (TNF-a), IL-1, resistin, and leptin); chemokines (IL-8, monocyte chemoattractant protein 1 (MCP-1), regulated upon activation, normal
T cell expressed and presumably secreted chemokine (RANTES)), and anti-inflammatory factors (IL-10, IL-1Re; IL-4, and adiponectin). The secretion profile depends on the site (i.e. SCAT
vs. VAT) and the cell type (14-19).

SCAT, Subcutaneous adipose tissue; VAT, Visceral adipose tissue; IL, Interleukin.
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n=
Median age (range)

Median CD4 count (range)
Median CDA-+ Nadir (range)
Gender

CMV % sero pos

Race

ART regimen

HIV™3 HC

30
41 (24-50)
NA
NA
76% male
30.0%
8% black
88%uwhite
4% Other
NA

NRTI -+ NNRTI

NRTI + PI

NRTI + INSTI

HIVP® INR

23
43 (25-50)
251 (80-347)
62 (0-255)
77% male
100%
41% black
55% white
49% Other

81%
30%%
4%

HIVPs IT

14
44 (38-48)
388 (362-491)
79 (0-209)
100% male
100%
50% black
50% white

57%
36%
%"

HIV*S IR

2
41(33-49)
611 (503-1508)
89 (3-249)
75% male
85%

54% black
42% white
4% Other

35%
62%
4%

P-value
0511
*<0.0001
091
0207
**all grps = <0.0001 HIV+ grps = 0.048

NA, not available; CMV, cytomegalovirus; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors; P), protease inhibitor; INSTI, integrase

strand transfer inhibitor:
HC=

uninfected age distribution-matched control (<50 years old).
INR= immune non-responders; ART treated; <350 CDAT cels/uL; < 50 years old.
IT= intermediate CD4 counts; ART treated; 350-500 CDA T cels/uL; < 50 years old.

IR= immune responders; ART treated; >500 CD4 T cells/uL; <50 years old.

There was no significant diference in age among INR, IT, IR, or HC populations.

*Kruskal-Wallis; " Chi Squared; one patient received Pl only; one patient received P! also.
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HIV -infected (N = 41) HIV negative (N = 15) p-value

Age, years (IQR)" 42 (315-50.5) 29 (24-39) 0.0017
Sex, male (n) (%)° 37 (90) 15 (100) 056
Sexual behaviors MSM, n (%)° 28(68.2) 5(33.9) 0.039
BMI, n (IR’ 22,66 (22.02-25.18) 22.71(20.98-24.91) 086
Vegetarian/vegan diet, n subjects (%) 3(73) 0 055
Ongoing antibiotic prophylaxds, n (%)” 8(19.5) 0 009
Hepatitis coinfection, n (%)° 2(48) 0 1
First CART regimen, n (%) n/a n/a
NNRTI-based 25(61)

Pl-based 9(22)

INSTI-based 7(17)

*Data are median (IQR), statistical analysis Mann-Whitney test. °data are n (%), statistical analysis Fisher's Exact Test. IQR, Interquartie; CART, combination of antiretroviral therapy;
NNRTI, non-nucleoside reverse transcriptase inhibitor; P, protease inhibitor; INI, integrase inhibitor.
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Condition Sex Chronic respiratory Coronary Hypertension Diabetes Respiratory

disease disease symptoms
Mild/moderate cases 62 1 3 6 7 48
Female 36 0 2 2 3 32
Male 2 1 1 4 4 16
Severe cases 22 1 7 9 2 21
Female 14 1 4 5 2 13
Male 8 0 3 4 0 8
Total 84 2 10 15 9 69
Mild/moderate cases Severe cases P-value
Age (years) 4484+ 11.98 61.65 £ 14.76 <0.0001
Body temperature (°C) 38.01+0.93 38.43+0.83 0.0683
WBC (x 10°1) 446155 537195 0.0304
NEU (x10%/L) 269+ 1.29 3924208 00018
LYM (x109) 1,82+ 0,54 1,08 +0.49 00177
MNGC (x10°) 0320.14 0300.14 0.0004
CRP (mg/l) 15.98 £ 21.56 54.27 + 49.08 <0.0001

All the data are expressed as mean = standard deviation (SD) or n (%). The statistic analysis was performed using t-test, with p-values < 0.05 were considered significant. WBC, White
blood cells; NEU, Neutrophils; LYM, Lymphocytes; MNC, Monocytes; CRP, C-Reactive Protein.
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