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Objectives: We compared the patterns of HIV-1 drug resistance mutations between the CSF and plasma of
individuals with HIV-associated cryptococcal meningitis.

Methods: This is a cross-sectional study of archived CSF and plasma samples collected from ART-exposed
participants recruited in the Phase 3 AmBisome Therapy Induction Optimisation randomized controlled trial
(ISRCTN72509687) conducted in Botswana between 2018 and 2021. HIV-1 RT and protease genes were geno-
typed using next-generation sequencing and HIV-1 drug resistancemutations were compared between the CSF
and plasma compartments stratified by thresholds of ≥20% and <20%.

Results:Overall, 66.7% (16/24) of participants had at least one HIV-1 drug resistancemutation in the CSFand/or
plasma. A total of 15/22 (68.2%) participants had HIV-1 drug resistance mutations at ≥20% threshold in the
plasma and of those, 11 (73.3%) had been on ART longer than 6 months. HIV-1 drug resistance mutations
were highly concordant between the CSF and plasma at ≥20% threshold despite a substantial number of indi-
viduals experiencing CSF viral escape and with only 54.5% with CSF WBC count ≥20 cells/mm3. Minority HIV-1
drug resistance mutations were detected in 20.8% (5/24) of participants. There were no mutations in the CSF
that were not detected in the plasma.

Conclusions: Therewas high concordance in HIV-1 drug resistancemutations in the CSFand plasma, suggesting
intercompartmental mixing and possibly a lack of compartmentalization. Some individuals harboured minority
HIV-1 drug resistance mutations, demonstrating the need to employ more sensitive genotyping methods such
as next-generation sequencing for the detection of low-abundance mutations.

Introduction

During the early course of infection, HIV-1 may enter the CNS by
themigration of infected CD4+ Tcells across the blood–brain bar-
rier.1 Once in the CNS, the virus can infect and adapt to cells that
express low densities of CD4 (macrophages and microglial) lead-
ing to the evolution of compartmentalized HIV-1 variants in the
CNS.2 Compartmentalization may also arise due to limited pene-
tration of some antiretroviral drugs into the CNS through the
blood–brain barrier and ART interruptions.3,4 The accumulated

HIV-1 drug resistance mutations may persist for longer periods
in the CNS, leading to poor response to ART in the future.1,5

Despite the widespread access to ART, poor ART adherence
and late presentation to care remain the key challenges to end-
ing HIV-associated opportunistic infections such as cryptococcal
meningitis.6 While people with cryptococcal meningitis can pre-
sent with HIV-1 drug resistance mutations, compartmentaliza-
tion of these mutations between the CSF and plasma requires
further investigation. This study compares HIV-1 drug resistance
mutations derived from the CSF and plasma of unsuppressed,
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mostly ART-exposed individuals with HIV-associated crypto-
coccal meningitis in Botswana.

Methods
Study population
This was a cross-sectional study of archived CSF and plasma samples
from participants enrolled in the Botswana site as part of the Phase 3
AmBisome Therapy Induction Optimisation randomized controlled
trial conducted between 2018 and 2021. Briefly, the trial compared
induction therapy of a single, high dose of liposomal amphotericin
B given alongside 14 days of flucytosine and fluconazole with the
WHO-recommended first-line regimen, which was 1 week of amphoter-
icin B deoxycholate with flucytosine followed by 1 week of fluconazole.
Eighty-four participants were recruited in the Botswana site, with 46
being ART-naive and 38 ART-exposed participants; however, we utilized
samples from ART-exposed participants only. From the 38 ART-exposed
participants, 28 and 36 participants had available CSF and plasma sam-
ples, respectively, collected on Day 1 of the trial, and 27 had CSF/plasma
paired samples. The study was approved by the University of Botswana
Institutional Review Board and the Health Research and Development
Council at the Botswana Ministry of Health (HPDME 13/18/1) and all par-
ticipants explicitly consented to future use of their samples.

Laboratory investigations
HIV-1 viral load and CSF viral escape results, which were previously re-
ported, were used in this analysis.7 HIV-1 RNA was extracted from
140 μL of plasma and cell-free CSF using the QIAamp viral RNA mini kit
(QIAGEN, Hilden, Germany). Complementary DNA strand from protease

and RT of HIV-1 pol was amplified as previously described.8 The purified
amplicons were used for next-generation sequencing on Illumina MiSeq
(Illumina K.K., Tokyo, Japan). The sequence reads obtainedwere analysed
using PASeq (https://paseq.org/) and HyDRAWeb (http://hydra.canada.ca).

HIV-1 drug resistance mutations were considered high frequency if
detected at ≥20% allele frequency, while low-frequency mutations
were defined as those occurring between 5% and 20% allele frequency.
HIV-1 drug resistance mutations detected were reported using
the Stanford HIV drug resistance database (http://hivdb.stanford.edu).
The CSF/plasma consensus sequences obtained were included in the
maximum-likelihood phylogeny inferred in IQ-TREE 2 under the
General Time Reversible model of nucleotide substitution and a total
of 1000 bootstrap replicates.9 Sequences were subtyped using the
REGA subtyping tool version 3.10

Results
Participant characteristics
Baseline demographics and clinical characteristics of the 24
ART-exposed participants with successful genotyping results
are shown in Table S1, available as Supplementary data at JAC
Online. The median age was 39.5 years (IQR: 34.0–44.8 years)
and two-thirds of the participants were male. Most participants
(41.7%)were on tenofovir, lamivudine and efavirenz. Themedian
duration on ART was 62.5 months (IQR: 1.5–100 months). The
median CD4+ T cell count at enrolment was 30 cells/mm3 (IQR:
10.8–60.0 cells/mm3) while median (IQR) CSF and plasma
HIV-1 viral load were 4.4 (3.6–5.2) log10 copies/mL and 4.8
(3.9–5.3) log10 copies/mL, respectively.

Figure 1 (a) Maximum-likelihood phylogenetic tree of 35 pol sequences and reference genome (HXB2). The sequences were isolated from plasma
(open circles, PLS) and CSF (closed circles, CSF). Bootstrap values above 90 are indicated, with paired sequences having a bootstrap value of 100.
(b) Frequency of NNRTI-associated mutations in participants’ CSF and plasma samples (both paired and unpaired). (c) Frequency of
NRTI-associated mutations in participants’ CSF and plasma samples (both paired and unpaired).
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HIV-1 drug resistance mutations in the CSF and plasma
Of the 24 participants with successful genotyping results, 11
were CSF/plasma pairs, 11 were unpaired plasma and 2 were un-
paired CSF. Maximum-likelihood phylogenetic analysis revealed a
100% bootstrap value for all the pairs confirming patient-level
viral sequence uniqueness [Figure 1(a)]. A total of 15/22
(68.2%) participants had HIV-1 drug resistance mutations at
≥20% threshold in the plasma, and of those, 11 (73.3%)
had been on ART longer than 6 months (Table 1). NRTI- and
NNRTI-associated mutations were found in 11/15 (73.3%) and
13/15 (86.7%) participants, respectively, while PI-associated
mutations were detected in 1/15 (6.7%) participants. Overall,
5/24 (20.8%) participants harbouredminority HIV-1 drug resist-
ancemutations in the CSF or plasma. Out of 11 participants with
paired CSF/plasma samples, 5 (45.5%) had CSF viral escape, while
7/11 (63.6%) had pleocytosis (CSF WBC count ≥10 cells/mm3, as
previously described).1 There were 8/11 participants with paired
samples harbouring HIV-1 drug resistance mutations in the CSF
and/or plasma; of those, 5 (62.5%) experienced pleocytosis and
4 (50.0%) had CSF viral escape, while 4 (50.0%) were mutually in-
clusive of both variables. There were 2/11 (18.2%) participants
with discordant HIV-1 drug resistance mutations; however, there
were no mutations in CSF that were not present in plasma, but
two participants had additional mutations in the plasma.

The most prevalent NNRTI-associated mutations in the plas-
ma and CSF were V106M and Y181C, which cause high-level re-
sistance to nevirapine and efavirenz, respectively [Figure 1(b)].
K65R and M184V were the most prevalent NRTI mutations in
the plasma, both occurring in 31.8% (7/22) of participants, while
K65R also predominated in the CSF, with a prevalence of 30.8%
(4/13) [Figure 1(c)].

Discussion
We report a high prevalence (66.7%) of HIV-1 drug resistance
mutations in ART-exposed individuals with HIV-associated
cryptococcal meningitis, which may contribute to the transmis-
sion of these mutations. The most predominant mutations
were M184V and K65R, indicating long-term exposure and poor
adherence to the tenofovir plus lamivudine or emtricitabine regi-
men. Although these individuals can safely continue tenofovir,
lamivudine and dolutegravir or switch to zidovudine, lamivudine
and dolutegravir,11 the long-term efficacy of these regimens in
patients harbouring HIV-1 with these mutations requires further
investigations. Our results suggest that both poor adherence to
ART and the development of HIV-1 drug resistance mutations
contribute to HIV disease progression and the development of
opportunistic infections like cryptococcal meningitis.

Our study also revealed a high concordance in the CSF and
plasma HIV-1 drug resistance mutations harboured by these in-
dividuals and there were no mutations in the CSF that were not
detected in the plasma. Furthermore, approximately half of the
participants with paired samples harbouring drug resistancemu-
tations experienced pleocytosis and CSF viral escape. These re-
sults corroborate previous research findings demonstrating
minimal HIV-1 compartmentalization and intercompartmental
mixing of the viral populations.12 This also provides additional
evidence that the high influx of HIV-1-infected CD4+ T cells into

the CNS accounts for the equilibration of these viruses in the
two compartments and possibly a lack of independent evolution
and replication of the virus in the CNS.1,13 These findingsmay pro-
vide reassurance to ARTprescribers in that, in this cohort, a switch
in the patient’s ART regimen based on the drug resistance profile
from plasmawould still be effective in the CSF, unlike in scenarios
where there are additional mutations in the CSF. We further
noted two participants with additional HIV-1 drug resistancemu-
tations in the plasma, suggesting possible selective drug pressure
in the plasma as opposed to the CSF.14

When comparing the HIV-1 drug resistance mutations in the
CSF and plasma using next-generation sequencing we found
20.8% of the participants harbouring HIV-1 drug resistanceminor-
ity variants. This shows that the use of next-generation sequencing
is critical in detecting low-abundancemutations thatmay have an
impact on treatment outcomes and potentially drive viral escape.
Although conventional next-generation sequencing has limita-
tions of decreasing accurate sampling of the original viral popula-
tion and high error rates affecting the downstream analysis and
interpretation, conventional next generation-sequencing is still
widelyused, even in studieswith public health impact,15 and it out-
performs Sanger sequencing in detecting mutations at <20%
threshold.16 To mitigate these problems, we recommend the use
of unique primer IDs, which will increase the sensitivity for the de-
tection of minor variants.17,18 Another limitation of this study is
that in our sequencing approach, we did not include the HIV-1 in-
tegrase gene; however, studies show that the prevalence of pre-
treatment integrase inhibitor resistance is relatively low since
they have been recently introduced.19 Lastly, our study had a mo-
dest sample size utilizing all available samples but was conducted
in the context of awell-designed clinical trial and high rates of viro-
logical suppression in Botswana. We, therefore, recommend fur-
ther studies with larger sample sizes to profile and especially
evaluate the impact of HIV-1 drug resistancemutations in the CSF.

In summary, the high prevalence of HIV-1 drug resistance
mutations shows the need to enhance ARTadherence andmoni-
tor HIV-1 viral load in individuals on ART to control the transmis-
sion of HIV-1 drug resistance mutations and the development of
opportunistic infections. The presence of highly concordant HIV-1
drug resistance mutations between the CSF and plasma could
indicate intercompartmental mixing and lack of HIV compart-
mentalization in the CNS in individuals with HIV-associated
cryptococcal meningitis.
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