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ABSTRACT: Millions of individuals currently living with HIV globally are receiving
antiretroviral therapy (ART) that suppresses viral replication and improves host immune
responses. The involvement of gut microbiome during HIV infection has been studied,
exposing correlation with immune status and inflammation. However, the direct effect of
ART on gut commensals of HIV-infected individuals has been mostly overlooked in
microbiome studies. We used 16S rRNA sequencing (Illumina MiSeq) for determining the
microbiota composition of stool samples from 16 viremic patients before and one year after
ART. We also tested the direct effect of 15 antiretrovirals against four gut microbes, namely,
Escherichia coli, Enterococcus faecalis, Bacteroides, and Prevotella to assess their in vitro
antibacterial effect. 16S rRNA analysis of fecal samples showed that effective ART for one
year does not restore the microbiome diversity in HIV-infected patients. A significant
reduction in α-diversity was observed in patients under non-nucleoside reverse transcriptase
inhibitors; (NNRTI; 2 NRTI+NNRTI; NRTIs are nucleoside reverse transcriptase
inhibitors) as compared to ritonavir-boosted protease inhibitors (PI/r; 2 NRTI+PI/r).
Prevotella (P = 0.00001) showed a significantly decreased abundance in patients after ART (n = 16). We also found the direct effect
of antivirals on gut microbes, where zidovudine (ZDV) and efavirenz (EFV) showed in vitro antimicrobial activity against Bacteroides
fragilis and Prevotella. EFV also inhibited the growth of E. faecalis. Therefore, we observed that ART does not reverse the HIV-
induced gut microbiome dysbiosis and might aggravate those microbiota alterations due to the antibacterial effect of certain
antiretrovirals (like EFV, ZDV). Our results imply that restructuring the microbiota could be a potential therapeutic target in HIV-1
patients under ART.
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The human gut comprises complex and diverse microbial
communities that contribute to host immune responses, as

well as cellular metabolism and nutrients acquisition.1 The gut
microbiome also actively interacts with therapeutic drugs,
making it an interesting target for modifying drug effectivity in
individuals. This has been shown in several reports, where the
therapeutic effect of drugs and vaccines was linked to the
microbiome composition.2−6

More specifically, in recent years, the gut microbiome
involvement in the pathogenesis of human immunodeficiency
virus (HIV) infection is being increasingly recognized.7−9 The
gut-associated lymphoid tissues (GALT) and epithelial cells, in
fact, are majorly affected during HIV-1 infection,10 causing the
GALT to experience loss of mucosal CD4+ T-cells, which alters
gut mucosal integrity, thereby disturbing gut homeostasis.10

Several studies have shown the alteration of the gut microbiome
in HIV-infected individuals, with microbiome diversity correlat-
ing with immune status and inflammation.7,8,11,12 HIV-infected
patients, in fact, have a less diverse microbial population as
compared to uninfected individuals, with a correlation between
α-diversity and CD4+ T cell counts in untreated viremic

individuals. The major genera affected during HIV infection are
Bifidobacterium, Lactobacillus, Faecalibacterium, and Lachno-
spira.13,14 Additionally, different cohort studies have repeatedly
found enriched Prevotella and Enterobacteriaceae at the genus
and family levels, which can contribute to the inflammatory state
in HIV infection.15−19

Antiretroviral therapy (ART) has changed the fate of HIV
infection from lethal to chronic disease and leads to the control
of HIV replication and recovery of immune function in most of
the patients. However, the chronic inflammation and mucosal
injury in the gastrointestinal tract are still present even during
effective ART. Interestingly, the microbiome changes observed
in untreated HIV subjects have also been found in patients
treated for several years with effective anti-HIV therapy both in
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cross-sectional and longitudinal studies.20−22 These observa-
tions have led to the hypothesis that antiretroviral drugs per se
could aggravate the dysbiosis, which hinders the restoration of
gut integrity in well-treated HIV-infected patients.8,23−25

In this work, we therefore aimed to explore if and which are
the specific bacterial signatures in the gut microbiome before
and after ART, as well as to evaluate the antibacterial effect of
antiretroviral drugs in in vitro cultures.

■ RESULTS
Study Design. The study cohort consisted of 16 HIV-1-

infected patients who were viremic at baseline (median plasma
HIV-1 RNA 52 600 copies/mL, range 280−336 000) with
moderate immune deficiency as estimated by CD4 counts
(median CD4+ T cell count: 360 cells/mm3; range 250−460).8
The patients received effective ART and were followed for a
median period of 10 months. ART was composed of two
nucleoside reverse transcriptase inhibitors (NRTIs) combined
with either a non-nucleoside reverse transcriptase inhibitor
(NNRTIs), n = 8, or a protease inhibitor (PI), n = 8
administered daily.
Changes in Bacterial Diversity of HIV-1 Patients after

Antiretroviral Therapy (ART). Four α-diversity indices were
used to evaluate the richness (Chao1, ACE) and diversity
(Fisher, Shannon index) of bacterial communities in patients
after antiretroviral therapy (n = 16) compared to those before

treatment (Figure S1A). A decreasing trend in the microbial
diversity and richness was observed in patients after ART
(Figure S1A, Fisher P = 0.14, Chao1 P = 0.16, ACE P = 0.16,
Shannon P = 0.16). Additionally, we also tested the effect of
different treatment regimens (2 NRTI+NNRTI and 2 NRTI
+PI/r) on α-diversity, which is discussed in detail later.
Moreover, β-diversity comparison (NMDS2 and NMDS1)
revealed moderate differences in the clustering of microbial
communities before and after ART (Figure S1B).
At follow-up (one-year effective ART), certain changes in the

microbiota composition were observed at the phylum, family,
and genus levels (Figure S2). Firmicutes, Proteobacteria,
Bacteroidetes, and Actinobacteria were the most predominant
phyla, accounting for 97% of microbiome (Figure S2A). At the
family level, Prevotellaceae (log2fold change −1.55, P = 0.002)
showed significantly less abundance after ART relative to that
before ART (Figure S2B,D). A total of 139 genera were
identified. The genera of Lachnospira (log2fold change −2.54, P
= 0.0007), Butyricicoccus (log2fold change −1.11, P = 0.006),
Oscillospira (log2fold change −1.1, P = 0.03), and Prevotella
(log2fold change −1.63, P = 0.00001) showed a significant
depletion in their respective abundances in the fecal samples of
patients after ART introduction (Figure S2C,D). Previously,
several studies have linked the Prevotella population with HIV-
induced inflammation,7,16,26−28 while others have associated
Prevotella-rich microbiota with sexual preferences.24

Figure 1. Changes in microbiota composition in individuals after NNRTI-based therapy (2 NRTI+NNRTI): (A) α-diversity scores of the gut
microbiota for evaluating the richness (Chao1, ACE, observed species) and diversity (Fisher) of bacterial communities in individuals before (n = 8)
and after (n = 8) NNRTI-based therapy (2 NRTI+NNRTI) by Wilcoxon signed-rank test. We observed a significant reduction in α-diversity in
patients under NNRTI-based therapy relative to that before treatment. (B) PERMANOVA analysis of gut microbes at the phylum level in individuals
under NNRTI-based treatment. (C and D) Bar plots depicting the relative abundance at the microbial family and genus levels in patients who received
non-nucleotide reverse transcriptase inhibitors (2 NRTI+NNRTIs, n = 8).
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Figure S3A depicts the taxonomic composition of microbial
communities in the fecal samples of patients, defined as depleted
or enriched in viremic subjects after antiretroviral therapy (n =
16) as compared to before treatment. Similar observations were
obtained as before, where Prevotella,Oscillospira, Bifidobacterium
(log2fold change −0.58, P = 0.3), and Bacteroides (log2fold
change −0.003, P = 0.7) showed depletion after ART and
Escherichia (log2fold change 1.15, P = 0.2) showed enrichment
after ART. The size of the bubble was based on the
Permutational multivariate analysis of variance (PERMANO-
VA) results (Figure S3B). The top bacterial genera, which were
depleted and enriched after antiretroviral therapy, were obtained
from PERMANOVA analysis, as represented in Figure S3B.
Differences in Gut Microbiota Composition of HIV-

Infected Individuals after NNRTI and PI-based Treat-
ment. We noted significantly reduced α-diversity indices in
patients under NNRTI-based therapy (2 NRTI+NNRTI)
(Figure 1A, Fisher P = 0.016, Chao1 P = 0.023, ACE P =
0.016, observed species P = 0.023) as compared to the
individuals under PI-based therapy (2 NRTI+PI/r) (Figure
2A, Fisher index P = 0.84, Chao1 P = 0.94, ACE P = 0.94,
observed species P = 0.74), indicating a possible effect of
NNRTI-based ART on gut richness and diversity. After
NNRTI-based therapy, the proportion of Firmicutes and
Bacteriodetes showed significant enrichment and depletion in
abundance, respectively (Figure 1B). Prevotellaceae (log2fold

change −1.22, P = 0.016) displayed a significant reduction in
relative abundance after NNRTI-based treatment (2 NRTI
+NNRTI) (Figure 1C and Figure S4A). However, at the genus
level, Lachnospira (log2fold change −2.15, P = 0.007),
Oribacterium (log2fold change −4.08, P = 0.02), Oscillospira
(log2fold change −1.31, P = 0.05), and Prevotella (log2fold
change −1.31, P = 0.016) represent a significantly decreased
abundance in patient fecal microbiota (Figure 1D and Figure
S4A) treated with NNRTI regimen (2 NRTI+NNRTI).
After PI-based therapy, Proteobacteria showed a higher

relative abundance whereas Firmicutes and Bacteriodetes were
enriched in patients before PI therapy (Figure 2B). A significant
decrease in the abundance of Clostridiaceae (log2fold change
−1.23, P = 0.05) and Lactobacillaceae (log2fold change−5.47, P
= 0.0078) was observed in HIV-infected patients using NRTI
+PI/r combination as compared to baseline (Figure 2C and
Figure S4B). At the genus level, Butyricicoccus (log2fold change
−1.09, P = 0.007), Lactobacillus (log2fold change −5.57, P =
0.007), Lachnospira (log2fold change −2.77, P = 0.04), Dorea
(log2fold change −0.83, P = 0.016), and Prevotella (log2fold
change −2.00, P = 0.007) exhibited a significant curtailment in
abundance after the PI-based treatment (2 NRTI+PI/r) (Figure
2D and Figure S4B). In addition, when we compared the fold
changes (after therapy as compared to before therapy) of
different bacterial taxa between the two treatment regimens
(NNRTI v/s PI), the mean difference led to the outcome of

Figure 2. Changes in microbiota composition in individuals after PI-based therapy (2 NRTI+PI/r): (A) α-diversity scores of the gut microbiota for
evaluating the richness (Chao1, ACE, observed species) and diversity (Fisher) of bacterial communities in individuals before (n = 8) and after (n = 8)
PI-based therapy (2 NRTI+PI/r) by Wilcoxon signed-rank test. (B) PERMANOVA analysis of gut microbes at the phylum level in individuals under
PI-based treatment (2 NRTI+PI/r) (C and D) Bar plots depicting the relative abundance at the microbial family and genus levels in patients who
received protease inhibitors (2 NRTI+PI/r, n = 8).
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three gut microbes, namely, Lactobacillus (P = 0.014), Dorea (P
= 0.007), and Butyricimonas (P = 0.03), which is represented in
Figure S5 in the Supporting Information.
Zidovudine shows Antibacterial Activity against

Bacteroides and Prevotella. To investigate the microbiota
changes under various ART regimens, we experimented the in
vitro effect of 15 antiretroviral drugs individually against the
predominant gut microbes, namely, Escherichia coli, Enterococcus
faecalis, Bacteroides fragilis, and Prevotella spp. Antimicrobial
susceptibility was tested via agar dilution assay and broth
dilution assay. Among the different NRTIs tested, zidovudine
(ZDV) showed antibacterial activity within a defined range of
concentrations. E. coli was previously shown to be inhibited by
ZDV and hence was used as a positive control.29 ZDV had an
MIC of 0.5−1 mg/L against E. coli, 4−8 mg/L against
Bacteroides fragilis, and 4 mg/L against Prevotella spp. (Figure
3A). A marked decrease in inoculum size was observed for the
susceptible microbes under specific drug concentrations,
thereby corroborating with their respective MIC values (Figure
3A). The broth dilution assay showed better sensitivity, leading
to similar MIC values: 0.5 mg/L for E. coli, 2−4 mg/L for
Prevotella spp., and 0.5−2 mg/L for B. fragilis (Figure 3B−D). E.
faecalis however did not show any growth inhibition under the
effect of ZDV, which is also evident by the stability of its growth
curve (600 nm) under different ZDV concentrations (Figure
3E). Approximately 100% of E. coli isolates, 70% of Prevotella
spp. isolates, and 75% of Bacteroides spp. isolates were
susceptible to ZDV. At the highest concentrations of ZDV,
isolates of Prevotella spp. and Bacteroides spp. showed prominent
growth inhibition. Table 1 presents the effectivity of zidovudine
as an antimicrobial agent against the isolates of the above-
mentioned microbes.
Abacavir (ABC), Emtricitabine (FTC), Lamivudine (3TC),

Tenofovir (TFV), Tenofovir disoproxil fumarate (TFD), and
Tenofovir Alafenamide (TAF) did not show any sign of growth
inhibition against tested isolates (Table 2). However, Stavudine
(d4T) showed antimicrobial activity against one isolate of
Bacteroides spp. and two isolates of Prevotella spp. with a high
MIC of 128 mg/L. To exclude the temperature effect (at 42 °C,

which is used for preparation of agar plates) on the drug activity,
we performed the drug sensitivity assay, which did not affect the
antiviral activity of the drugs (Figure S4).

Efavirenz Inhibits Growth of Enterococcus, Bacter-
oides, and Prevotella. Additionally, we investigated the effect
of NNRTIs, i.e., Nevirapine (NVP), Rilpivirine (RPV), and
Efavirenz (EFV) on bacterial growth. EFV showed a consistent
MIC of 32 mg/L against E. faecalis, 32 mg/L for Prevotella spp.,
and 32−128 mg/L against Bacteroides spp. (Figure 4A). No
growth susceptibility was observed in E. coli against any
concentration of EFV (Figure 4A,B). The effect of EFV resulted
in a reduced growth phase, thereby producing progressively
smaller inoculum density (Figure 4A) and validating their
respective MIC values. The MIC values from the broth dilution
assay were observed to be 16, 32, and 32 mg/L for Prevotella
spp., Bacteroides spp., and E. faecalis, respectively (Figure 3C−
E). The highest concentration of EFV interestingly resulted in
100% growth inhibition of Prevotella spp. isolates, 100% of
Enterococcus faecalis isolates, and 75% of Bacteroides spp. isolates
(Figure 4C−E). However, NVP and RPV did not show any

Figure 3. Microbial susceptibility assay against zidovudine (ZDV). (A) Agar dilution assay: brucella agar plate images of E. coli, Bacteroides fragilis,
Prevotella spp., and Enterococcus faecalis with an increasing amount of ZDV at 0.5, 2, 4, 16, and 32 mg/L. (B−E) Broth dilution assay: growth curves of
E. coli, Bacteroides fragilis, Prevotella spp., and Enterococcus faecalis against ZDV at 0.5, 2, 4, 16, and 32 mg/L. Growth was measured by monitoring the
absorbance at 600 nm. Data represent the average of three independent determinations.

Table 1. Antimicrobial Activity of Zidovudine and Efavirenz
Tested against 35 Isolates of E. coli, 20 Isolates of E. faecalis,
22 Isolates of Bacteroides spp., and 10 Isolates of Prevotella
spp. by Broth Dilution Method

antibacterial effect of Zidovudine

strains aMIC50 (mg/L) bMIC90 (mg/L) susceptibility (%)

E. coli 0.5 1 100
Bacteroides spp. 4 8 75
Prevotella spp. 4 8 70
E. faecalis >128 >128 0

antibacterial effect of Efavirenz

E. coli >256 >256 0
Bacteroides spp. 16 128 70
Prevotella spp. 16 32 100
E. faecalis 16 32 100

aMIC50 and
bMIC90 are defined as the minimal concentration of drug

capable of inhibiting 50% and 90% of the isolates tested, respectively.
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antibacterial activity under these similar testing conditions. The

MIC50 and MIC90 of Efavirenz against the tested microbes

depicted that EFV had a pronounced effect on the growth

inhibition of E. faecalis and Prevotella spp. as compared to that of
Bacteroides spp. (Table 1).

Absence of Microbial Susceptibility against Protease
Inhibitors. Different concentrations of Atazanavir (ATV),

Table 2. Minimum Inhibitory Concentrationsa (MIC) of 15 Antiretorovirals and 9 Combinatorial Treatment against E. coli,
Bacteroides spp., Prevotella spp., and E. faecalis

compound abbreviation MIC (mg/L)

E. coli Bacteroides spp. Prevotella spp. E. faecalis

non-nucleoside reverse transcriptase inhibitors
Efavirenz EFV >256 32−128 32 16−32
Nevirapine NVP >256 >256 >256 >256
Rilpivirine RPV >128 >128 >128 >128

nucleoside reverse-transcriptase inhibitors
Abacavir ABC >256 >256 >256 >256
Emtricitabine FTC >128 >128 >128 >128
Lamivudine 3TC >128 >128 >128 >128
Stavudine d4T >256 >256 >256 >256
Zidovudine ZDV 0.5−1 4−8 4 >128
Tenofovir TFV >256 >256 >256 >256
Tenofovir disoproxil fumarate TDF >128 >128 >128 >128
Tenofovir Alafenamide TAF >128 >128 >128 >128

protease inhibitors
Atazanavir ATV >256 >256 >256 >256
Darunavir DRV >512 >512 >512 >512
Lopinavir LPV >128 >128 >128 >128
Ritonavir RTV >128 >128 >128 >128

combinations
EFV/FTC/TDF >240:100:120 30:12:15 15:6:7.5 30:12:15
3TC/ZDV/EFV 30:25:60 15:12:30 15:12:30 30:25:60
EFV/ABC/3TC >240:240:120 30:30:15 30:30:15 30:30:15
TDF/FTC/RPV >120:100:80 >120:100:80 >120:100:80 >120:100:80
TDF/FTC/NVP >120:100:160 >120:100:160 >120:100:160 >120:100:160
3TC/ABC/DRV >120:240:320 >120:240:320 >120:240:320 >120:240:320
3TC/ABC/LPV >120:240:120 >120:240:120 >120:240:120 >120:240:120
TDF/FTC/LPV >120:100:120 >120:100:120 >120:100:120 >120:100:120
TDF/FTC/DRV >120:100:320 >120:100:320 >120:100:320 >120:100:320

aThe values are from biological triplicates.

Figure 4. Microbial susceptibility assay against efavirenz (EFV). (A) Agar dilution assay: brucella agar plate images of E. coli, Bacteroides fragilis,
Prevotella spp., and Enterococcus faecalis with an increasing amount of EFV at 4, 16, 32, 128, and 256 mg/L. (B−E) Broth dilution assay: growth curves
of E. coli, Bacteroides fragilis, Prevotella spp., and Enterococcus faecalis against EFV at 4, 16, 32, 128, and 256 mg/L. Growth was measured by monitoring
the OD at 600 nm. Data represent the average of three independent determinations.
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Darunavir (DRV), Lopinavir (LPV), and Ritonavir (RTV) were
tested against the four gut microbes (E. coli, E. faecalis,
Bacteroides fragilis, and Prevotella spp.). No signs of microbial
growth inhibitory effect were observed under the action of the
above-mentioned protease inhibitors, even at the highest
concentrations (Table 2).
Effect of CombinationARTonGutMicrobes.Among the

nine tested drug combinations (Table 2), the combinations
containing EFV (with FTC and TDF or 3TC and ABC) showed
antibacterial effects against E. faecalis, Bacteroides, and Prevotella
spp. and resistance against E. coli. In contrast, the combinatorial
mix of EFV with 3TC and ZDV exerted growth inhibitory effects
on all the four gut microbes tested, E. coli, E. faecalis, Bacteroides,
and Prevotella spp. (Table 2). The MIC values were not
indicative of any synergistic or antagonistic effect of the
combined drugs.

■ DISCUSSION
In the present study, we report the in vitro antibacterial activity
of antiretrovirals against Gram-positive and Gram-negative
bacteria. Our results clearly show that zidovudine and efavirenz
can affect the gutmicrobiota through their antimicrobial activity.
In light of this, first, we proved that zidovudine had broad
antibacterial activity against isolates of Escherichia coli,
Bacteroides, and Prevotella species. Second, our data demon-
strated that EFV inhibits growth of three bacterial taxa, namely,
Enterococcus faecalis, Prevotella spp., and Bacteroides spp.
Moreover, the microbiome analysis indicates that there is a
specific microbial signature associated with NNRTI versus PI
treatment.
Studies conducted during the early times of the HIV epidemic

reported zidovudine to have a bactericidal effect against E. coli
and some other members of Enterobacteriaceae family like S.
typhimurium and Shigella flexneri.29 Specifically, ZDV affects
bacterial growth through DNA chain termination and requires
phosphorylation by cellular kinases present in bacteria for
activation. Previous studies, in fact, have shown that the absence
of or mutations in the thymidine kinase (phosphokinase) can
overcome ZDV effect and might also cause ZDV resistance.
Thus, in a study of ZDV treated HIV-1-infected individuals, 6
out 11 fecal samples harbored ZDV-resistant E. coli.30 Here, we
have not only confirmed that ZDV inhibits E. coli (MIC of 0.5−1
mg/L) but also reported the novel findings of the antibacterial
effect of ZDV on Bacteroides spp. and Prevotella spp. with a low
MIC of 4−8 mg/L. These in vitro findings presume an in vivo
effect of ZDV on the bacterial content of the gut lumen, knowing
that the predicted gut concentration of drugs is much higher.
ZDV is one of the oldest antiretrovirals but it is still a part of
cART (combination antiretroviral therapy) especially in low-
income countries. Moreover, in high-income countries like
Sweden, ZDV is used during delivery and the first weeks of
postpartum.
Themajormicrobial populations inhabiting the large intestine

are Bifiobacterium, Bacteroides, Lactobacillus, Clostridium,
Fusobacterium, and Enterobacteria. We can speculate that the
use of the ZDV can have profound consequences on gut
microbiome, affecting both Enterobacteriaceae and Bacteroides.
For example, Escherichia coli belonging to Enterobacteriaceae is
the first microbe to colonize infants and is abundantly present in
the human gut31 (constituting about 0.1%), existing in a
symbiotic relationship to benefit the humans in metabolism and
vitamin K production, providing additional nutrients and
enabling improved acquisition and preventing the colonization

by pathogens as well providing resistance against them.32

Changes in E. coli composition is associated with human health
status since it is basically linked to the different strains of E. coli
(commensal or pathogenic) harboring the gut and their
pathogenic potential.33,34 E. coli is associated with differences
in gut diets and stress-related gene expression, which are
basically linked to obesity and diabetes.35

Additionally, EFV also showed broad antibacterial properties
against both Gram-positive (Enterococcus faecalis) and Gram-
negative (Prevotella spp. and Bacteroides spp.) isolates. The
reported MIC values of EFV were 16, 32, and 32 mg/L for
Prevotella spp., Bacteroides spp., and E. faecalis, respectively.
Although, the EFV MIC values were higher than the ZDV ones,
still both the estimated and reported gut concentrations of EFV
were much higher than the MIC values reported in our
study.36−38 Adding to our findings, a recent study by Shilaih et
al.37 reported the antibacterial effect of EFV on Bacillus subtilis
with an MIC of 16 mg/L. EFV is yet one of most prescribed
antivirals worldwide, and it is estimated that several millions
individuals are prescribed this drug on a daily basis.39−42

Interestingly, EFV has been known to have additional effects,
aside from its specified antiviral efficacy. EFV, in fact, has been
reported to have a cytotoxic effect on tumor cells through the
induction of oxidative stress.43 Moreover, it has also been shown
to exert a strong anti-plasmodial activity in vitro44 as well as a
similar effect on Leishmania spp.45 On the contrary, to our
knowledge, the bactericidal effect of EFV reported in this study
has never been previously observed. This is the first study to
demonstrate that efavirenz has antibacterial properties against
three bacterial species, namely, Enterococcus faecalis, Prevotella
spp., and Bacteroides spp. These members of the gut microbiota
might be responsible for health benefits or disorders, depending
on species alteration after a dysbiotic event. E. faecalis is an early
gut colonizer contributing to gut homeostasis, early intestinal
immune development, and regulation of inflammatory re-
sponses via PPARγ1-induced IL-10 and TGF-β expression in
vitro and is capable of reducing the severity of diarrhea in the
younger population. Additionally, this bacterium also attenuates
the expression of proinflammatory cytokines like IL-8 and has
hence been known to have potential probiotic activity. Notably,
enterococcal strains, which comprise 1% of intestinal micro-
biota, with E. faecalis and E. faecium being the more represented
members, are commensal bacteria capable of eliminating the
exogenous and pathogenic enterococcal competitors from the
gut thanks to their sophisticated defense systems. The changes
in E. faecalis populations caused by efavirenz treatment have the
potential to modify the genes related to its virulence, biofilm
production, and antibiotic resistance. Similarly, the Bacteroi-
detes phylum comprises Bacteroides and Prevotella as the
predominant obligate anaerobes, with Bacteroides establishing
balanced, long-term association with their hosts for many health
benefits.46,47 As commensals and mutualists, Bacteroidetes
members are prominent polysaccharide degraders and benefit
individuals with dysbiotic gut bacteria. For example, Bacteroides
fragilis produces a polysaccharide that enables the immune
system development in mice with Th1/Th2 balances in
lymphoid tissues as well as contributing to efficient systemic
T-cell functioning. Moreover, in the last decades, Bacteroides
spp. have been inversely correlated with obesity, highlighting the
importance of the carbohydrate metabolism for this disease.
Conversely, Prevotella members are crucial for mucin degrada-
tion, which could cause increased epithelial permeability.
Notably, however, higher numbers of Prevotella copri are
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reported to be drivers of inflammation in HIV-infected
individuals and in rheumatoid arthritis patients. On the contrary,
Prevotella histicola is known to induce anti-inflammatory signals
in a murine arthritis model, suggesting that different members of
this genus might have different immunomodulating capabilities.
In summary, we showed that ART containing ZDV or EFV

exerted antibacterial effect, although any synergistic impact was
not evident. Conversely, several other antiretrovirals showed no
effect on the bacterial growth in our model. However, it is
possible that the lack of antibacterial effect is due to low dosage
as the highest concentrations tested have been guided by the
previous pharmacokinetic studies.48 Alternatively, the antire-
trovirals might have undergone active metabolism by some
specific components of microbiome. This, for example, has been
shown for TDF, which is metabolized by Gardnerella vaginalis
but not by Lactobacillus spp. (both present in the vaginal
microbiome) and hence could explain the low efficacy of topical
TDF as pre-exposure prophylaxis, as seen in the CAPRISA
trial.49 Significant perturbations in the complex and fragile
balance of the intestinal microbiota could lead to disruption of
the symbiotic relationships with our commensals, causing health
complications. In light of this, our results prompt the question of
how these microbes are affected by the two antivirals described
in this study (ZDV and EFV), with which molecular
mechanisms, and whether these antiretrovirals can be used as
potential antibacterials against them. Future analyses on this
topic might hopefully offer an alternative to the widely used
antibiotic-centered treatments for diseases and disorders whose
etiopathogenesis involves these bacterial species, as antibiotic
resistance in bacteria grows exponentially each year and it is
establishing itself as a global threat to human health.
The microbiome analysis of our longitudinal cohort also

showed that bacterial communities after the antiretroviral
exposure were less diverse and distinct as compared to those
before ART. Differential changes in the gut microbiome α-
diversity were observed between various ART treatments, where
NNRTI-based therapy (2 NRTI+NNRTI) showed distinct
reduction in bacterial diversity and richness significantly,
whereas PI-based treatment (2 NRTI+PI/r) did not show a
similar trend. Moreover, we report specific bacterial signatures
associated with treatment where several taxa were affected by
ART. Among the genera affected, Dorea, a major constituent of
healthy gut flora, showed reduced abundance in patients treated
with PI-based therapy. This bacterium is also linked to pro-
inflammation in IBD patients. Additionally, Lachnospira and
Oscillospira, the short chain fatty-acid producers showed
reduced abundance in patients after ART (Figure S2C), and
this might possibly affect the decrease in HIV-induced
inflammation in the same individuals.50,51 By stratifying the
cohort into the usage of NNRTI (80% EFV), we could reveal
that the effect on Bacteroidetes (family Prevotellaceae) was
more evident in this group as substantiated by the in vitro data.
However, even patients treated with PI showed a decrease in
Prevotellaceae, and hence, the different microbiome patterns in
both treatment groups suggest a more complex mechanism of
ART interaction with bacteria.
The bacterial communities colonizing various regions of the

human gut play specific roles in host metabolism, immunomo-
dulation, and different health aspects. A standard healthy
optimal gut microbiome profile is far from existing in this
research world since it is different for every individual; however,
a healthy balance between the host and microbial community
can be maintained for effective metabolic and immune

functioning to prevent infections. Hence, our study aimed to
reflect the changes in the microbiota composition due to
antiretrovirals, which can be studied in subsequent years to
modulate the treatment strategies for HIV infection. Studies on
the short- and long-term impact of ART on the gut microbiome
have repeatedly shown that ART alone is unable to restore gut
dysbiosis and inflammation.22 Thus, the gut microbiome in ART
treated patients displays different community structures as
opposed to those of untreated HIV patients and healthy
individuals. Findings of decreased α-diversity in the microbiome
community is present in nearly all studies; albeit the composi-
tional taxa differences are in general study bound.12,52,53 Like our
study, Sortino et al. also found a lower proportion of
Bacteroidetes and a higher Proteobacteria post-ART as
compared to pre-ART.54 Also, a study from a Nigerian cohort
reported decreased abundance of microbes belonging to phylum
Bacteroidetes in ART treated patients.20 Moreover, studies from
Spain55 and Mexico22 have found increased Proteobacteria and
differences in Ruminococcaceae family, respectively, between
ART (PI and NNRTI) and controls. However, the interpreta-
tion of the findings from different studies is challenging as most
of them are cross-sectional and the results are conflicting in the
sampling/methodology used. A comparative study of PI,
NNRTI, and integrase inhibitor-based ART showed integrase
inhibitors to be most effective against host inflammation while
displaying minor modulation of gut composition.55 Although
this study was cross-sectional, several other reports have shown
that different ARTs show differential effect on gut inflamma-
tion.23,52,56 Also, considering results from our study, it is sensible
to speculate that ART alone might not be capable of restoring
the damaged gut−blood barrier in chronic HIV, and therefore,
the antiretroviral interaction with the microbiome should be
incorporated in treatment strategies. Such strategies should
include microbiome modulation by pro- and prebiotics
supplementation or fecal microbiota transplantation (FMT).
Until now, in fact, several probiotics trials have been conducted
showing minor/moderate effect on immune reconstitution and
systemic inflammation in HIV infection.57−60 The preclinical
evaluation for FMT efficiency in ART treated SIV-infected
rhesus macaques, for example, showed increased peripheral
Th17 and Th22 cell frequencies and reduced activation of gut
CD4+ T-cells post-FMT.61 Additionally, in a small trial of HIV-
infected patients, partial engraftment of the microbiome was
achieved 8 weeks after FMT with a limited effect on the
inflammatory markers.62

The biggest strength of this study is the novelty of the
approach and the longitudinal design of the cohort. Our
investigation, in fact, tackles the newborn field of the
antimicrobial effects of antiviral drugs, which is garnering an
increasing amount of attention in recent years. Though our
clinical cohort had a limitation of low sample size under different
treatments, we however dissect the antibacterial properties of
several ARVs in this study, primarily focusing on the most
commonly prescribed drugs in low-income countries (ZDV,
EFV). In summary, our results shed light on the alteration of the
microbiome in HIV-infected individuals and show that one year
of successful ART therapy does not revert the microbiota to the
state prior to the infection. Moreover, antiretroviral drugs can
induce alterations in the microbiome, both in its diversity and
richness, due to their antibacterial properties, as demonstrated
in-depth for ZDV and EFV. The knowledge that, worldwide, 30
million individuals with HIV are on ART daily,63,64 highlights
the need to investigate all the potentially detrimental effects that
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antiretroviral drugs might have on patients under ART
regimens, such as the induction of gut dysbiosis. Our analyses
pave the way to additional studies investigating antiretroviral
drugs and their bactericidal effects, potentially on an even
broader scale, to determine the supplementary therapy needed
to prevent or limit ART-induced microbiome alterations in
HIV-infected patients. Moreover, considering the ever-growing
health concern caused by antibiotic resistant bacteria, it is
tempting to look at ARTs as a potential alternative to antibiotics,
prompting more studies to investigate the feasibility of such a
therapy.

■ CONCLUSION

Gut microbiota dysbiosis has been associated with HIV
pathogenesis and these multifactorial gut alterations are coupled
with key markers of host inflammation and immune activation.
However, it is still unclear how these intestinal microbial
alterations are affected by ART drugs administration. While
some studies state the non-restoration of gut microflora to
normal conditions under ART, others report dramatic outcomes
for the further deterioration of the gut microbiome’s equilibrium
after ART, due to drug metabolization by bacteria or to the
antimicrobial properties of antiretrovirals. Though specific, in
fact, antiretrovirals have still been shown to possess antibacterial,
antifungal, and anticancer activities. Therefore, in summary, the
effect of antiretrovirals on microbial communities leading to gut
modification duringHIV treatment has been themajor question,
which we have tried to address in our present study. To do this,
we (1) investigated the 16S rRNA profiles from the fecal samples
of untreated HIV-infected subjects and ART treated individuals
under two different regimens (2 NRTI+NNRTI and 2 NRTI
+PI/r) and (2) further evaluated the in vitro antibacterial effect
of antiretrovirals to explore the differential microbial landscape
under different ARTs. Notably, this has led us to discover the
antibacterial activity of efavirenz (EFV), here reported for the
first time. This finding further frames our results in a larger
perspective, since EFV is a key antiretroviral used extensively in
low-income countries. Additionally, our results depict the
antimicrobial activity of zidovudine, which could potentially
lead to further gut modification. In summary, we observed that
ART does not restore the microbiome changes in HIV patients
even after one year of effective treatment. Hence, these findings
highlight the necessity to further investigate the gut microbiota
in HIV patients under ART for better therapeutic interventions
and gut health.

■ METHODS

Study Cohort. Sixteen subjects were included from a study
on the gut microbiota and immune status in treatment-naiv̈e
chronic HIV-1 patients followed for a median of 10 months
(IQR 4-15) after ART initiation.8 The patients were chosen due
to the availability of 16S rRNA sequences for further analyses at
baseline (before ART) and at follow up. ART comprised two
NRTIs (nucleoside reverse transcriptase inhibitor) in combina-
tion with a non-nucleoside reverse transcriptase inhibitor
(NNRTI; n = 8) or a ritonavir-boosted protease inhibitor
(PI/r; n = 8). The study participants were negative for
antibiotics or probiotic consumption (two months prior
sampling). The Regional Ethical Committee had approved the
study (EPN Stockholm, Sweden, Dnr 2009-1485-31-3).
Sequence Analysis. This is a longitudinal study where the

HIV-1 individuals were followed up for 10 months after ART

administration and, hence, were categorized into two groups as
before ART (n = 16) and after ART (n = 16). After ART
introduction, the participants were further divided into
subgroups based on the different ART regimens: 2 NRTI
+NNRTI (n = 8) and 2 NRTI+PI/r (n = 8). 16S rRNA
sequencing was performed on the Illumina MiSeq platform after
DNA extraction from fecal samples as described earlier8 with
modification in the sequence analysis pipeline. Afterward, reads
were demultiplexed, preprocessed, and analyzed by QIIME.65 α-
Diversity was determined by the diversity and richness indices
such as observed: Chao1, ACE, Shannon, Simpson, and Fisher.
Clustering of the samples was presented with a NMDS plot
based on the Bray−Curtis distance, as compared to a principal
coordinate analysis (PCoA) done previously.8 Both the α- and
β-diversity were calculated with the phyloseq R package (version
1.26.1). The relative abundance of the samples was calculated
using an in-house PERL script. Further, bar plots and box plots
were constructed with the relative abundance values using the R
package ggplot2 (version 3.2.0 and v 3.3.2, respectively) to
determine the differences in the microbial compositions
between the two groups at the phylum, family, and genus levels.
PERMANOVA is a non-parametric analysis used to test the
differences in the microbial compositions between the two
groups performed at the phylum level using the R package vegan
(version R 2.5.5). The taxonomy tree of the microbial
communities was visualized using GraPhlAn (Graphical
Phylogenetic Analysis).66 The heatmap for determining the
mean differences between treatments (NNRTIs v/s PIs) was
constructed using the R package Complex Heatmap (2.2.0). For
statistical analysis, Wilcoxon signed-rank test was performed.

Bacterial Isolates. Twenty isolates of Enterococcus faecalis,
35 isolates of Escherichia coli, 22 isolates of Bacteroides spp., and
10 isolates of Prevotella spp. were cultured from patient samples
received at the Department of Clinical Microbiology, Karolinska
University Hospital, Sweden. These microbes were isolated
from deep wound secretions, intra-abdominal infections, or
bloodstream infections with routine culture techniques and
subsequent species identification with matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometry (detection is based on the spectra of conserved
ribosomal proteins), using a Microflex LT (Bruker Daltonics,
Billerica, MA, USA). These identified clinical isolates were then
tested for antimicrobial susceptibility in accordance to EUCAST
guidelines.67

Antiretroviral Agents. The antiretroviral drugs used for
screening were zidovudine, emtricitabine, lamivudine, stavu-
dine, tenofovir, tenofovir disoproxil fumarate, tenofovir
alafenamide, efavirenz, rilpivirine, nevirapine, darunavir, ataza-
navir, lopinavir, and ritonavir. All these compounds were
purchased from Selleckchem, Munich, Germany, except for
lopinavir and nevirapine, which were procured from Sigma-
Aldrich, St. Louis, MO, USA. These compounds were dissolved
in their appropriate solutions (i.e., DMSO or water) before
being used in the agar or broth dilution assays.

Gut Concentrations of Drugs. The maximum and
minimum dosage for each drug were calculated on the estimated
gut concentration and plasma concentration, respectively. The
gut concentrations were assessed on the basis of the
formulations published by the European Medicines Agency.48

The minimum concentration, Cmax, or maximum plasma
concentration, were derived from fact sheets of HIV drugs.48

The different drug concentrations are outlined in Table 3.
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Broth Microdilution Method. Broth dilution assay is
required for the determination of the minimum inhibitory
concentration (MIC) of microbes against antibiotics, also
known as the lowest concentration of antibiotics that inhibits
visible bacterial growth. In this experiment, we intended to
investigate the susceptibility of microbes against antiretroviral
agents. The samples were assayed in a 96-well plate with 2-fold
serial dilutions of the testing agent. Our compounds were tested
at different concentrations depending on their respective gut
concentrations; for instance, zidovudine was serially diluted 2-
fold, from 100 to 0.5 mg/L and efavirenz from 240 to 4 mg/L.
Stock solutions of all the compounds were prepared in
appropriate solvents. The serial dilutions were carried out in
small volumes of media in round-bottom 96-well plates.
Specifically, Mueller Hinton Broth and Brucella broth68

(supplemented with 5% lysed horse blood, 5 μg/mL hemin,
and 1 μg/mL Vitamin K1 (with respect to CLSI guidelines)67

were used for the assay of aerobic (E. coli and E. faecalis) and
anaerobic bacteria (Bacteroides spp. and Prevotella spp.),
respectively (Substrate department, Karolinska University
Hospital, Solna). Overnight cultures of bacteria were diluted
in a 1:100 ratio to have an initial inoculum of around 5 ×
105∼106 CFU/mL. The positive and negative controls were
included, containing no drugs and no bacteria, respectively.
Since the solvent concentration during the assay was around
2.5% v/v, the solvents were also tested for their antibacterial
activity at that particular concentration. Ampicillin, kanamycin,
or chloramphenicol were used as the positive controls during the
assay. GasPak sachets (Thermo Fisher Scientific), Anoxomat
systems, or anaerobic jars were used for culturing anae-
robes.69−73 The plates were incubated at 35 °C for 16−18 h
for aerobes and 24−48 h for anaerobes prior to optical density
measurement at 600 nm with an Infinite M200 spectropho-
tometer. The MIC was then determined from the lowest
concentration of drug, showing >90% bacterial killing relative to

the control. This assay was repeated thrice in biological
triplicates.

Agar Dilution Method. Agar dilution technique is the gold
standard for MIC determination of anaerobic bacteria according
to Clinical and Laboratory Standards Institute (CLSI) method-
ology.74 In this procedure, Brucella agar plates with 5% laked
sheep blood, 5 mg/L hemin, and 1 mg/L Vitamin K1 are
supplemented with different concentrations of antivirals. An
initial inoculum of 0.5 ± 0.1 McFarland standard from pure
bacterial cultures resuspended in 0.2% NaCl was then cultured
on these plates with the help of a sterile replicator device. The
cultures were then incubated at 35 °C for 16−18 h for aerobes
and 24−48 h for anaerobes, following which the plates are
compared visually (positive for lawn colonies and negative for
no growth or single colony). On the basis of this method, the
lowest antiviral concentration inhibiting microbial growth was
determined. Though being labor intensive, this method is the
most recommended for anaerobic work.75,76 A brucella agar
plate without the drugs but only the bacterium was used as a
positive control, while another plate supplemented with 4%
DMSO was used as a control for toxicity.

In Vitro Drug Sensitivity Assay. TZM-bl cells and the
pNL43 plasmid were obtained from the NIH AIDS Reagent
Program. 293T cells were purchased from ATCC (Manassas,
VA, USA). The cells were maintained in Dulbecco’s modified
eagle’s medium (DMEM) (Sigma), supplemented with 10%
fetal bovine serum and 2 mM L-glutamine. The drug sensitivity
assay enabled the determination of the ART activity to inhibit
replication of the reference virus, NL43, in TZMbl cells. The
antivirals were preheated at 42 °C prior to the assay to ensure
their stable activity during supplementation in Brucella agar
plates. The compounds at room temperature were taken as a
positive control. The antivirals were serially diluted from 100
μM to 1.28 nM and added in triplicate in a 96-well plate seeded
with TZM-bl cells, followed by infection with aNL43 strain at an
MOI of 0.05 IU/cells in the presence of diethylaminoethyl (10
mg/mL). Virus replication was quantified by the measurement
of luciferase activity (relative light units) using Bright-Glo
luciferase assay system (Promega, Madison, WI, USA). Drug
concentrations required for inhibiting virus replication by 50%
(IC50) were calculated with a dose−response curve using non-
linear regression analysis.
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Table 3. Concentration of Antiretrovirals Used for Microbial
Susceptibility Assaya

drug name

max drug
dose in one
occasion
(mg)

concentration
in gutb

(μg/mL) Cmax
c (μg/mL) 50× Cmax

d

Efavirenz 600 240 4.07 203.5
Nevirapine 200 80 5.74 287
Rilpivirine 150 60 0.204 10.2
Abacavir 600 240 4.26 213
Emtricitabine 200 80 1.8 90
Lamivudine 300 120 2 100
Stavudine 40 16 0.536 26.8
Zidovudine 250 100 2.29 114.5
Tenofovir
disoproxil
fumarate

300 120 0.326 16.3

Tenofovir 245 98 0.05 2.5
Tenofovir
Alafenamide

25 10 0.154 7.7

Atazanavir 400 160 3.152 157.6
Darunavir 800 320 6.5 325
Lopinavir 800 320 9.6 480
Ritonavir 100 40 0.85 42.5
awww.hivdrugnteractions.org. bGut concentration (mg/L) was
assessed on the basis of the formulations published by the European
Medicines Agency.54 cCmax: maximum drug concentration in plasma.
d50× Cmax: estimation of concentration for drugs.
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