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Human immunodeficiency virus

In 1981, a new form of immune deficiency began to emerge in the United States, leaving a trail of opportunistic 

infections, malignancies, and deaths among previously healthy individuals. The condition, soon termed 

acquired immune deficiency syndrome (AIDS), rapidly spread among specific risk groups: men who had sex 

with men, intravenous drug users, and blood transfusion recipients.1 The first affected children were among 

the latter, but soon it became clear that many children born to diseased mothers developed AIDS as well.2 

This lead to the hypothesis that the virus was transmissible by blood and sexual intercourse. By 1983, this 

theory was proven with the discovery of the human immunodeficiency virus (HIV)3,4, the cause of what is now 

a worldwide epidemic. 

HIV is a retrovirus that mainly targets the immune system, specifically CD4+ T-helper cells that are 

responsible for recognition of disease-causing pathogens and activation of other immune cells. Without 

treatment, HIV infection of CD4+ T-cells will cause gradual depletion of these cells, until various pathogens 

can escape recognition and bypass appropriate immune responses. This renders HIV-infected people 

vulnerable to increased severity and duration of a large variety of infections and cancers, such as Kaposi’s 

sarcoma and opportunistic infections with micro-organisms that would not normally cause illness in people 

with a healthy immune system.1 

Alongside facilitating this high susceptibility for co-infections and malignancies, HIV is also a 

neurotropic virus that has been shown to enter the central nervous system within several days of primary 

infection.5 The resulting infection of the brain is termed HIV-encephalitis (HIVE), hallmarked by cortical 

atrophy, myelin loss, and vascular inflammation and calcifications in the basal ganglia, the latter of which 

is specific to pediatric (as opposed to adult) HIVE.6 Histopathologically, these changes are accompanied 

by invasion of macrophages, reactive astrocytosis, and activation of brain resident microglial cells.7 The 

presentation of early-onset HIVE in untreated infants born with an HIV infection resembled hypoxic-ischemic 

encephalopathy, with failure to attain or loss of developmental milestones, spasticity, mental retardation, 

and secondary microcephaly. Older perinatally HIV–infected children may also present with more subtle 

neurological symptoms, including gradual worsening of attention, language, and fine motor skills.8 In 
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contrast to adults, HIVE in children could be the first AIDS-defining event, prior to the occurrence of severe 

immune suppression and co-infections.9 

The development of antiretroviral drugs

Zidovudine was the first drug that was licensed for treatment of HIV in 1986, but the virus was quickly able to 

escape pressure from this drug by the selection of resistant strains.10 More antiretroviral drugs soon followed, 

which can be categorized into several classes based on their ability to counteract HIV at several critical 

points (Figure 1).11

It wasn’t until 1996 that combining several drugs from different classes into combination 

antiretroviral therapy (cART) was found to most effectively reduce the ability of HIV to escape these 

mechanisms and result in sustained suppression of virus replication, thereby greatly increasing the life 

expectancy of children living with HIV.12,13 It is important to note that adequate treatment for children 

captis always a substantial step behind that for adults, due to the need for weight-adjusted dosages and 

development of alternative formulations to achieve them, such as pellets and suspensions.14 In part due 

to concerns about side-effects and long-term toxicity, such as lipoatrophy with stavudine and neurological 

symptoms with efavirenz, antiretrovirals (ARVs) were usually not initiated until the CD4+ T-cell count reached 

an age-specific threshold. However, recent insights indicate that early initiation of continuous treatment 

considerably improves neurological and immunological outcomes in perinatally HIV-infected children.15–17 

This, in combination with the ongoing development of new more potent ARVs with fewer side-effects, has 

led to an adjustment of treatment guidelines to universally recommend immediate initiation of cART in all 

HIV-infected individuals, regardless of age or immune status.18 

Dealing with the pediatric HIV epidemic

Approximately 36.7 people are living with HIV worldwide, among which 1.2 million children (0-9 years) 

and 1.8 million adolescents (10-19 years). The epidemic is largely concentrated on the continent of Africa, 

harboring over 80% of HIV-infected children and adolescents. In 2015, 2.1 million people were still newly 

infected worldwide, among which 150.000 children under the age of 15.19 In the Netherlands, just over 200 

HIV-infected children are currently in care as of 2016. Of all patients who were diagnosed with vertically 

acquired HIV before the age of 18 years, more than half were perinatally infected and of Sub-Saharan African 

origin. Treatment coverage in this group was 96%, of which 88% had HIV viral load measurements below 100 

copies/ml.20

Prevention of mother-to-child transmission (MTCT) of the virus is a critical step towards eradicating 

the HIV epidemic in the pediatric population. With increased screening of pregnant women and availability 

of antiretroviral drugs, 77% of pregnant women living with HIV globally were receiving cART to prevent 

MTCT during pregnancy, birth, and breastfeeding in 2014. Combined with neonatal prophylaxis, these 

strategies have reduced the rate of MTCT from 13-43% to less than 2% in several countries, including the 

Netherlands.19,21,22 However, in highly endemic regions, less than half of the children are tested, meaning a 

sizable proportion of infected neonates remains undiagnosed. Early diagnosis is crucial in this population, as 
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disease progression occurs considerably faster than in adults, and only 50% of HIV-infected children survive 

past 2 years of age without treatment.23 Additionally, horizontal transmission in the adolescent population 

via sexual intercourse and intravenous drug use remains challenging to confine.17 While adequate virological 

suppression can importantly reduce horizontal transmission, only an estimated 60% of HIV-infected people 

globally are aware of their serostatus, and 46% are receiving antiretroviral therapy.19 Barriers to successful 

treatment specific to the pediatric and adolescent populations include stigma for both parents and 

children, dependence on medication provision by parents, parental consent regulations, limited availability 

of pediatric antiretroviral regimens, and lack of accessible adolescent-specific HIV services and education 

towards the transition to adult health care.24 The combination of these issues results in less than a third of 

FI G UR E  1.

The steps of the HIV replication cycle as targets for antiretroviral drugs: 1) binding to cell surface 

receptors, which can be blocked by chemokine coreceptor antagonists; 2) fusion with the cell 

membrane, targeted by fusion inhibitors; 3) reverse transcription of viral RNA into double-stranded DNA, 

blocked by nucleoside analogue and non-nucleoside reverse transcriptase inhibitors; 4) integration of 

HIV DNA into the host chromosome, which is blocked by the newest drug class of integrase inhibitors, 

5) budding of newly formed virions, and 6) proteolytic cleavage leading to maturation of new HIV virions, 

which is blocked by protease inhibitors. 

(Figure reproduced with permission from reference 11. Copyright Elsevier Limited.)
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HIV-infected children under the age of 15 currently receiving treatment, which remains considerably less 

than adults.17 

Improving diagnosis and treatment in HIV-infected children and adolescents will require improving 

access to HIV services targeted at children and adolescents, with continued monitoring and education 

throughout the transition into adult care.24 Working towards reaching those goals should further reduce the 

number of new infections, reduce comorbidity, and improve survival of HIV-infected children into adulthood. 

Chronic HIV and the brain

With the advances in treatment changing HIV infection from a lethal into a chronic condition, people 

living with HIV now face a new challenge: a plethora of comorbidities, including cardiovascular disease, 

malignancies, and neurological problems.25 While classical HIVE has become less prevalent, in its place we 

now see a spectrum of milder HIV-associated neurocognitive disorders (HAND).26 In adults, this is reasonably 

well characterized and divided into three distinct stages: asymptomatic neurocognitive impairment, mild 

neurocognitive disorder, and HIV-associated dementia.27 The reported prevalence of HAND in adult study 

populations ranges from 15% up to 74%, likely overstated by including asymptomatic neurocognitive 

impairment.28 Using a more conservative and sensitive method of multivariate normative comparison 

yielded a prevalence of cognitive impairment of 17% in HIV-infected adults.29 These cognitive deficits may in 

part originate from direct injury by HIV prior to treatment initiation, but mounting evidence supports roles 

for HIV-induced ongoing immune activation, vascular disease, and components of cART, in sustaining or 

worsening HAND.30

While it is increasingly recognized that perinatally HIV-infected children suffer from developmental 

delay and learning problems despite cART, these neurocognitive deficits have been less clearly characterized 

and understood as compared to HAND in HIV-infected adults. From a (patho)physiological viewpoint, 

children differ from adults due to the ongoing development of their central nervous system and immune 

system in utero and throughout infancy, childhood and adolescence, spanning an age range of more than 

20 years.31,32 Neuropsychological research in this wide age range is further complicated by the difficulty in 

reliable and reproducible neuropsychological testing at a young age, and the interplay between dependency 

on caregivers, educational opportunities, cultural differences, and behavioral and emotional changes 

inherent to growing up into adulthood.33,34 

The NOVICE study

One factor thus critical to studying the pathogenesis and clinical course of neurocognitive status in 

perinatally HIV-infected children is the ability to compare this group of infected children with well-matched 

uninfected controls. This lead to the initiation of a cohort study focusing on neurological, cognitive and 

visual impairments in HIV-infected children as compared to an uninfected control group matched for age, 

sex, ethnicity, and socio-economic status: the NOVICE cohort. 

We have previously shown that the HIV-infected children in this cohort have a much lower average 

intelligence quotient (76) as compared to matched controls (88).35 Even though both groups were below the 

national norm score of 100, confirming the need for a matched control group to avoid overestimation of 
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the effect of HIV and treatment, it indicated an inadequate cerebral and neuropsychological development 

in HIV-infected children. The prevalence of cognitive impairment, estimated using multivariate normative 

comparison, was 17% – similar to the prevalence reported in adults.

With magnetic resonance imaging (MRI) brain scans, we could subsequently detect lower volumes 

of gray and white cerebral matter, a higher prevalence of white matter lesions, and reduced white matter 

integrity in the HIV-infected group.36 And, with optical coherence tomography, we could demonstrate 

that several retinal layers that contain neuronal tissue were thinner in children with HIV as compared to 

uninfected controls.37

These early findings prompted us to seek explanations as to how these deficits manifest in the 

setting of virological suppression on cART in perinatally HIV-infected children.

Thesis outlines

This thesis primarily consists of in-depth follow-up studies that aim to explore potential mechanisms 

involved in the CNS injury found in perinatally HIV-infected, cART-treated children, using the NOVICE cohort. 

Current neuropsychological, neuroimaging, and biochemical perspectives on how HIV infection may lead to 

cognitive and cerebral damage in children have been reviewed in chapter 2.

In the second part of this thesis, we use innovative magnetic resonance imaging (MRI)-based 

analytical techniques to assess microstructural and functional changes concomitant to the cerebral, 

neuroretinal, and cognitive changes that occur in our cohort. With magnetic resonance spectroscopy, we 

measured brain tissue neurometabolites of neuronal integrity and inflammatory activity. We compared 

metabolite levels between HIV-infected and uninfected children, and evaluated whether they relate to any 

of the previously found cerebral and cognitive deficits in chapter 3. We investigated whether HIV-infection 

is associated with cerebral perfusion changes in chapter 4, using arterial spin labeling to quantify cerebral 

blood flow in several brain regions and compared them between HIV-infected children and controls. As both 

brain and retina contain neurons and show structural alterations in HIV-infected children, we questioned 

whether neuroretinal and cerebral injury might possibly reflect similar disease processes. In chapter 5, we 

therefore explored potential associations between retinal thinning and macro- and microstructural MRI 

abnormalities.

The third part of this thesis is dedicated to exploring the roles of immune activation, inflammation, 

and antiretroviral treatment in CNS injury in pediatric HIV. The presence and detrimental effects of ongoing 

low-grade immune activation, inflammation, and vascular dysfunction are gaining increasing attention in 

HIV research. Using an extensive panel of soluble biomarkers, we assessed the presence of systemic and 

intrathecal immune activation, endothelial function, coagulation, and neuronal injury in HIV-infected 

as opposed to uninfected children in the NOVICE cohort. We explored how they relate to HIV-associated 

cognitive and cerebral abnormalities in chapter 6, and to retinal thinning in chapter 7. To assess whether 

any of the previous findings could be mediated by inadequate CNS protection of cART, we measured the 

penetration of antiretroviral drugs past the blood-brain-barrier into the CNS, which is detailed in chapter 8. 

Finally, chapter 9 presents a general discussion of our findings, their implications, and future perspectives 

for research, management, and prevention strategies.



18 chapter 01

1. Quinn TC. The epidemiology of the acquired

immunodeficiency syndrome in the 1990s. Emerg Med Clin 

North Am. 1995;13(1):1-25.

2. Shannon KM, Ammann AJ. Acquired immune deficiency 

syndrome in childhood. J Pediatr. 1985;106(2):332-42.

3. Barré-Sinoussi F, Chermann JC, Rey F, et al. Isolation 

of a T-lymphotropic retrovirus from a patient at risk for

acquired immune deficiency syndrome (AIDS). Science. 

1983;220(4599):868-71.

4. Popovic M, Sarngadharan MG, Read E, Gallo RC. Detection,

isolation, and continuous production of cytopathic

retroviruses (HTLV-III) from patients with AIDS and pre-AIDS. 

Science. 1984;224(4648):497-500.

5. Valcour V, Chalermchai T, Sailasuta N, et al. Central nervous 

system viral invasion and inflammation during acute HIV 

infection. J Infect Dis. 2012;206(2):275-282.

6. Mitchell C. HIV-1 encephalopathy among perinatally infected 

children: Neuropathogenesis and response to highly active

antiretroviral therapy. Ment Retard Dev Disabil. 2006;222:216-

222.

7. Dickson DW, Llena JF, Nelson SJ, Weidenheim KM. Central

nervous system pathology in pediatric AIDS. Ann N Y Acad

Sci. 1993;693:93-106.

8. Mitchell W. Neurological and developmental effects of HIV 

and AIDS in children and adolescents. Ment Retard Dev

Disabil. 2001;216:211-216.

9. Tardieu M, Le Chenadec J, Persoz A, Meyer L, Blanche

S, Mayaux M-J. HIV-1-related encephalopathy in

infants compared with children and adults. Neurology.

2000;54(5):1089-1095.

10. Arts EJ, Hazuda DJ. HIV-1 antiretroviral drug therapy. Cold

Spring Harb Perspect Med. 2012;2(4):a007161.

11. Volberding PA, Deeks SG. Antiretroviral therapy and

management of HIV infection. Lancet. 2010;376(9734):49-62.

12. de Martino M, Tovo PA, Balducci M, et al. Reduction in

mortality with availability of antiretroviral therapy for

children with perinatal HIV-1 infection. J Am Med Assoc.

2000;284(2):190-197.

13. Gortmaker SL, Hughes M, Cervia J, et al. Effect of Combination 

Therapy Including Protease Inhibitors on Mortality among

Children and Adolescents Infected with HIV-1. N Engl J Med. 

2001;345(21):1522-1528.

14. The United Nations Children’s Fund and The World Health

Organization. IATT Paediatric ARV Formulary and Limited-

Use List: 2016 Update. 2016. Available at:  http://www.who.

int/hiv/pub/paediatric/iatt-paediatric-hiv-2016/en/

15. Laughton B, Cornell M, Grove D, et al. Early antiretroviral

therapy improves neurodevelopmental outcomes in infants. 

AIDS. 2012;26(13):1685-90.

16. Klein N, Palma P, Luzuriaga K, et al. Early antiretroviral

therapy in children perinatally infected with HIV: a unique

opportunity to implement immunotherapeutic approaches 

to prolong viral remission. Lancet Infect Dis. 2015;15(9):1108-

14.

17. Davies MA, Pinto J. Targeting 90-90-90 - Don’t leave children 

and adolescents behind. J Int AIDS Soc. 2015;18(Suppl

6):20745.

18. World Health Organization. Consolidated Guidelines on

the Use of Antiretroviral Drugs for Treating and Preventing

HIV Infection. Geneva; 2016. Available at:  http://apps.who.

int/iris/bitstream/10665/208825/1/9789241549684_eng.

pdf?ua=1

19. UNAIDS. PREVENTION GAP REPORT. 2016. Available at:

http://www.unaids.org/en/resources/documents/2016/

prevention-gap

20. van Sighem AI, Boender TS, Wit FWNM, Smit C, Matser A, Reiss 

P. Monitoring Report 2016. Human Immunodeficiency Virus 

(HIV) Infection in the Netherlands. Amsterdam: Stichting HIV 

Monitoring; 2016. Available at:  www.hiv-monitoring.nl

21. The Working Group on Mother-To-Child Transmission of

HIV. Rates of mother-to-child transmission of HIV-1 in Africa, 

America, and Europe: results from 13 perinatal studies. J 

Acquir Immune Defic Syndr Hum Retrovirol. 1995;8(5):506-

510.

22. Boer K, Nellen JF, Patel D, et al. The AmRo study: pregnancy 

outcome in HIV-1-infected women under effective highly 

active antiretroviral therapy and a policy of vaginal delivery. 

BJOG An Int J Obstet Gynaecol. 2007;114(2):i-ii.

23. Newell M-L, Coovadia H, Cortina-Borja M, et al. Mortality of 

infected and uninfected infants born to HIV-infected mothers 

in Africa: a pooled analysis. Lancet. 2004;364(9441):1236-

1243.

reference list



19general introduction and thesis outlines

24. Elizabeth Glaser Pediatric AIDS Foundation. 90-90-90 Targets 

for HIV-Positive Children. 2015. Available at:  http://www.

pedaids.org/resources/c/pediatric-hiv-care/

25. Deeks SG, Lewin SR, Havlir D V. The end of AIDS: HIV infection 

as a chronic disease. Lancet. 2013;382(9903):1525-33.

26. Chan P, Brew BJ. HIV Associated Neurocognitive Disorders

in the Modern Antiviral Treatment Era: Prevalence,

Characteristics, Biomarkers, and Effects of Treatment. Curr 

HIV/AIDS Rep. 2014;11(3):317-24.

27. Letendre S. HAND and HAART. Top Antivir Med.

2011;19(4):137-142.

28. Schouten J, Cinque P, Gisslen M, Reiss P, Portegies P. HIV-1

infection and cognitive impairment in the cART era: a review. 

AIDS. 2011;25(5):561-575.

29. Su T, Schouten J, Geurtsen GJ, et al. Multivariate normative 

comparison, a novel method for more reliably detecting

cognitive impairment in HIV infection. AIDS. 2015:1.

30. González-Scarano F, Martín-García J. The neuropathogenesis 

of AIDS. Nat Rev Immunol. 2005;5(1):69-81.

31. Bilbo SD, Schwarz JM. The immune system and

developmental programming of brain and behavior. Front

Neuroendocrinol. 2012;33(3):267-86.

32. Lebel C, Walker L, Leemans A, Phillips L, Beaulieu C.

Microstructural maturation of the human brain from

childhood to adulthood. Neuroimage. 2008;40(3):1044-1055.

33. Laughton B, Cornell M, Boivin M, Van Rie A.

Neurodevelopment in perinatally HIV-infected children: a

concern for adolescence. J Int AIDS Soc. 2013;16(1):18603.

34. Slade PD, Townes BD, Rosenbaum G, et al. The serial use

of child neurocognitive tests: Development versus practice

effects. Psychol Assess. 2008;20(4):361-369.

35. Cohen S, Stege JA, Geurtsen GJ, et al. Poorer Cognitive

Performance in Perinatally HIV-Infected Children Versus

Healthy Socioeconomically Matched Controls. Clin Infect

Dis. 2015;60(7):1111-1119.

36. Cohen S, Caan MWA, Mutsaerts HJ, et al. Cerebral injury in

perinatally HIV-infected children compared to matched

healthy controls. Neurology. 2016;86(1):19-27.

37. Demirkaya N, Cohen S, Wit FWNM, et al. Retinal Structure

and Function in Perinatally HIV-Infected and cART-Treated

Children: A Matched Case-Control Study. Invest Ophthalmol 

Vis Sci. 2015;56(6):3945-3954.




