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Abstract
Anti-retroviral (ARV) therapy (ART) is the main treatment for HIV-1 infected people. Although ART

has extended the life expectancy and reduced the incidence of HIV associated dementia (HAD),

other forms of HIV-associated neurocognitive disorders (HAND) remain at high levels despite

reduced HIV load. ART may contribute to HAND, especially ART with increased brain penetrance.

HIV-positive pregnant women are given ART during pregnancy, and infants are given ART

prophylactically afterbirth. HIV-positive children are recommended ART therapy that will continue for

their lifetime. ART may thus impact the neurocognitive development of infants and children.

In this project, we developed assays to investigate the effects of ARVs on the developing CNS. We

utilized induced pluripotent stem cell (iPSC)-derived Neural Progenitor Cells (NPCs) to investigate the

effect of ARVs on viability, self-renewal, senescence, and epigenetic markers. We seeded NPCs

(Elixirgen Scientific) on 384-well plates and exposed them to four ARVs (either alone or in

combinations) for 3 days (10μM, N=6). We used the Click-iT EdU assay (Thermo Fisher) to identify

proliferating cells. We co-stained nuclei with Hoechst and used Vala Sciences’ CyteSeer automated

image analysis software to count total and proliferating cells (EdU positive nuclei). We also performed

immunofluorescence for Sox2 (marker of self-renewal), p16 (marker of senescence) and H3K27ac

(marker for epigenetic changes). Elvitegravir and Dolutegravir, two integrase strand inhibitors,

reduced live cell count alone and in combination with Tenofovir and Emtricitabine, two nucleoside

reverse transcriptase inhibitors. Interestingly, Tenofovir increased the percentage of proliferating cells

in a dose dependent manner alone and in combination with other ARVs. The ARV treatments also

caused epigenetic changes as analyzed using the Microscopy Imaging Epigenetic Landscape (MIEL)

methodology. The MIEL analysis of the H3K27ac labeling demonstrated changes in chromatin

features after treatment with ARV. Changes were most pronounced in NPCs treated with Elvitegravir

alone and with the combination therapies. These results suggest that ART can affect neural

progenitor cell function in vitro and may also affect the developing CNS.

METHODS

Cell culture. Quick-Neuron™ Precursor - Human iPSC-derived Neural Precursor Cells

(Elixirgen Scientific) were thawed and grown in NPC medium according to manufacturer’s

instructions.

Click-iT EdU assay

On Day 6, Click-iT EdU Alexa Fluor 555 assay (Thermo Fisher Scientific) was performed for 2 hours

to detect and quantify newly synthesized DNA, according to manufacturer's protocol. Hoechst 33342

were from Thermo Fisher Scientific.

Antibodies and immunofluorescence

After Click-iT EdU assay, the cells were blocked with 2% BSA and labeled with primary antibodies to

detect open chromatin structure (H3K27ac, rabbit or mouse, both from Active Motif), or SOX2 (rabbit,

Abcam). Alexa Fluor-labeled secondary antibodies were all from Thermo Fisher Scientific.

Imaging and image analysis
IC200 automated HCS Structured Illumination Microscopy (IC200-SIM™), CyteSeer Reader

automated microscope control software, and CyteSeer® High Content Image Analysis Software were

all from Vala Sciences, Inc. (San Diego, CA, USA). Live cells were obtained by subtracting nuclei with

an Average Pixel Intensity (API) above a certain threshold (to exclude dead, bright nuclei) from the

total nuclei count. CyteSeer can also calculate Percent of Live Cells positive for EdU (proliferating

cells).
.
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Masks generated by CyteSeer®. Vala

Sciences’ automated image analysis software

CyteSeer® will identify, segment and index

each cell (based on nuclei staining). A,

hiPSC-NPCs were exposed to Click-iT EdU

for 2 hours. Nuclei were stained with Hoechst

Immunofluorescence images of Hoechst staining (blue) and EdU incorporation (yellow) in Neural

Precursor Cells treated with ARVs or vehicle control (0.2% DMSO) for 3 days, 10 µM for each

compound. Scale bar 100 µm.
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MIEL  analysis reveals epigenetic changes in 

Neural Precursor Cells after ARV treatment.

Results

ARTs affect the MIEL results from

hiPSC-NPCs labeled for H3K27ac. A,

left, MDS plot from NPC1 (rabbit antibody

to H3K27ac) with dots of different colors to

represent each ART and combination of

ART; right, the same data is shown on the

right, annotated with circles that surround

the data points corresponding to the same

condition. B, left, tSNE plot for NPC1; right

the same data annotated as in A. C, MIEL

distance graph from NPC1.
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Statistical analysis

All statistical analysis were performed in Prism 9. *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001 for

difference from control by ANOVA followed by Dunnett’s procedure.

MIEL assay

Fixed cells were immunolabeled for the desired epigenetic

modifications and imaged. Nuclei were segmented based on DNA

staining (Hoechst 33342 or DAPI) and texture features were

calculated from the pattern of immunofluorescence. The relative

similarity of multiple cell populations was assessed by calculating

the multi-parametric Euclidean distance between populations

centers, and represented in 2D following MDS (distance map).

Discriminant analysis is used to functionally classify whole cell

populations based on their multi-parametric centers. SVM

classification is used to separate single cells in each population and

estimate populations overlap.
Flowchart of MIEL pipeline 

ARVs reduce live cell count in NPCs
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DMSO Emtricitabine Elvitegravir Dolutegravir

Tenofovir Elvitegravir +

Tenofovir +

Emtricitabine

Dolutegravir +

Tenofovir +

Emtricitabine

Tenofovir +

Emtricitabine
Hoechst SOX2 Hoechst SOX2

(gray) and EdU-incorporated into DNA is visualized with Alexa Fluor555 (red). B, Nuclear masks (white

outlines) derived from the image in (A) by CyteSeer®. C, EdU positive cells (masks with yellow puncta)

identified by CyteSeer®.

Tenofovir

increased the

percentage of

proliferating cells

in a dose

dependent

manner.

Treatment with 10 µM ARVs, alone or 

in combinations

Dose response treatment with 

Tenofovir DF and Elvitegravir

Only 10 µM of

Elvitegravir

significantly

reduced live cell

count.

Not all Neural progenitor cells express SOX2

Immunofluorescence images of Hoechst staining and SOX2 antibody labeling in

Neural Precursor Cells treated with 0.2% DMSO for 3 days, reveal that not all cells

are SOX2 positive. Scale bar 100 µm.
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• Tenofovir disoproxil fumarate (TDF)

• Emtricitabine (FTC)

Nucleoside/nucleotide reverse 
transcriptase inhibitors

• Dolutegravir (DTG)

• Elvitegravir (EVG)

Integrase Strand Transfer Inhibitors

ARV Treatment. NPCs were seeded in 384-well

plates (Greiner Bio-One) at a density of 2000

cells per well. On Day 3, NPCs were exposed

to anti-retrovirals (ARVs) in 0.2% DMSO, or

0.2% DMSO alone and maintained until Day 6.

All ARVs used in this study were purchased

from Toronto Research Chemicals


