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Figure 1.  The effect of TFV on wound healing of uterine epithelial cells and fibroblasts in culture. (a) 
Sample images of in vitro wound healing model. Epithelial cells (top left panel) or fibroblasts (bottom left) 
were grown to confluence on inserts or 24 well plates respectively, as detailed in Methods. Cells were scratched 
(middle top and bottom panels, white lines indicate the margin of the wound) and wound closure measured. 
Right top and bottom panels show partial healing that takes place after 24 h. (b) Time course of the effect of 
TFV inhibition of uterine epithelial cells TER and wound closure following scratch. TER and scratch width 
measurements of polarized cultures of EM epithelial cells incubated with TFV (1 mg/ml; 3277 μ​M) 24 h before 
scratch and 2 h, 24 h and 48 h after scratch. Representative example of TER values (b) and normalized data to % 
of Pre-scratch TER values (c) in experiments using epithelial cells from 6 patients at 24 h and 48 h after scratch. 
(d) % of wound closure for epithelial cells from 5 patients at 24 h post scratch. Each circle represents a different 
patient. The mean and SEM are shown. *p <​ 0.05. (e) Dose response of the effect of TFV on inhibition of uterine 
epithelial cell TER. TER was measured for polarized EM epithelial cells incubated with increasing doses of TFV 
(1 μ​g/ml up to 1 mg/ml) for 24 h before scratch and 2 h, 24 h and 48 h following scratch. One representative 
example of three independent experiments with 3 different donors. The mean and SEM are shown from 
triplicate cultures of cells from a representative patient. ***p <​ 0.001.
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Recognizing that the concentrations of TFV that reach the upper tract may be lower than those found in the 
lower tract, and also that TFV makes contact with the genital mucosa and is diluted when it mixes with secretions, 
we performed dose response experiments to examine the impact of lower concentrations on EM epithelial cells 
wound closure. As seen in Fig. 1e, incubation of EM epithelial cells with TFV at concentrations ranging from 1 
to 100 μ​g/ml had no effect on TER (1e) or wound closure (not shown) at 24 and 48 h post scratch. Of those con-
centrations tested, only TFV at 1 mg/ml (3277 μ​M) interfered with TER recovery and wound closure relative to 
controls. Based on the findings of others that topical microbicide trials with TFV result in vaginal concentrations 
close to 1 mg/ml14, our findings suggest that wound healing at lower concentrations, assuming these doses are 
effective in preventing HIV acquisition, would not interfere with trauma-related wound healing. Of note, 1 μ​g/ml 
was the threshold for HIV protection in CAPRISA 00426.

Tenofovir Alafenamide (TAF) at clinical oral doses does not affect wound healing by epithelial 
cells from the FRT.  Using the same protocols described above for TFV, epithelial cells from the EM were 
pretreated (24 h) with a clinically relevant concentration of TAF (1 μ​g/ml, 2 μ​M), as determined in plasma after 
oral administration27, prior to scratch trauma and then monitored for wound healing. Plasma concentrations 
were chosen because TAF has only been tested orally and mucosal concentrations of TAF in the FRT are under 
investigation. As seen in Fig. 2, side by side comparison of TFV (1 mg/ml, 3277 μ​M) and TAF (1 μ​g/ml, 2 μ​M) 
showed no effect of TAF on TER (2a and 2b) and wound closure at 24 h (2 c), in contrast to TFV inhibition of 
epithelial cell recovery.

Recognizing that TAF may be used topically in future trials, we examined the effect of increasing concentra-
tions of TAF on wound healing. As shown in Fig. 2d and e, when polarized EM epithelial cells were treated with 
TAF concentrations ranging from 2 to 8 μ​M, only the highest concentration (4 μ​g/ml, 8 μ​M; 4-fold higher than 
the plasma levels reached after oral administration) significantly interfered with wound closure and recovery of 
TER. These findings suggest that concentrations greater than those used orally might compromise wound healing 
in the FRT.

TFV, but not TAF, impacts wound healing of epithelial cells from the endocervix and ectocervix.  
Recognizing that genital injury due to sexual intercourse would mainly affect the lower FRT rather than the 
endometrium, and that topical TFV administration would reach maximal concentrations in the lower tract, we 
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Figure 2.  Influence of TFV and TAF on wound healing and recovery of barrier protection by epithelial 
cells from the uterus. (a) TER measurements from polarized uterine epithelial cells incubated with TFV (1 mg/
ml; 3277 μ​M; black circles) or TAF (1 μ​g/ml; 2 μ​M; white circles) for 24 h prior to scratch and at 2 h, 24 h and 
48 h after scratch. (b) Data normalized to % of Pre-scratch TER values from 3 patients at 24 h and 48 h after 
scratch. (c) % of wound closure (Scratch width measurements) from 3 patients at 24 h after scratch. Each circle 
represents a different patient. The mean and SEM were shown. *p <​ 0.05. **p <​ 0.01. ***p <​ 0.001. (d) Effect 
of increasing concentrations of TAF (1 μ​M up to 8 μ​M) on uterine epithelial cell TER. Representative of three 
independent experiments with 3 different donors. The mean and SEM are shown from triplicate cultures. 
***p <​ 0.001. (e) % of wound closure at 24 h after scratch of epithelial cells treated with TAF (2 μ​M or 8 μ​M). 
Each dot represents a different patient (N =​ 5). *p <​ 0.05.
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next determined whether TFV has a similar effect on epithelial cells from the endometrium (EM), endocervix 
(CX) and ectocervix (ECX). Endocervix was also included in this analysis to model cervical ectopy, a common 
condition in women during adolescence, pregnancy and contraceptive use that is prone to injury and bleeding7.

Match comparisons of the 3 sites were performed by isolating epithelial cells from EM, CX and ECX from the 
same patient (Fig. 3a). Epithelial cells from these three anatomical compartments were grown to confluence on 
cell inserts, treated with TFV (1 mg/ml; 3277 μ​M) for 24 h, scratched and measured for wound closure at 24 h as 
described above. As shown in Fig. 3a, incubation with TFV inhibited wound closure of FRT epithelial cells rela-
tive to control cells, irrespective of their site of origin. Wound healing delay was confirmed in endocervical tissues 
from 5 different women and ectocervical tissues from 3 women (Fig. 3b and supplementary movie 4).

We also evaluated the effect of TAF on wound healing by epithelial cells from CX and ECX. As seen in Fig. 3c, 
treatment with TAF (1 μ​g/ml, 2 μ​M) for 24 h prior to scratch had not effect on wound closure of CX (N =​ 2) or 
ECX (N =​ 2) epithelial cells.

As a part of these studies, we found that TER recovery by CX epithelial cells, which are known to form tight 
junctions, failed to return to control values at 48 h in the presence of TFV. Similar to that seen with EM epithelial 
cells (Fig. 2a), TAF treatment had no effect on CX epithelial cell TER recovery (not shown).

Dose dependent inhibition of stromal fibroblast wound closure by TFV and TAF.  Since genital 
trauma often breaches the epithelial lining and extends into the underlying tissue, we explored whether TFV 
might also impact the healing process of stromal fibroblasts. Matched fibroblasts were isolated from different FRT 
sites (EM, CX and ECX) from the same patient, grown to confluence, and treated with TFV (1 mg/ml; 3277 μ​M) 
for 24 h prior to scratch. As shown in Fig. 4a, TFV treatment inhibited wound healing of fibroblasts from the EM, 
CX and ECX relative to untreated control cells at 24 and 48 h.

To more fully define the responsiveness of fibroblasts to TFV, dose response studies were undertaken using 
EM fibroblasts. We found that TFV at 1 mg/ml (3277 μ​M) significantly inhibited wound closure at 24 and 48 h 
post scratch (Fig. 4b). There was also a trend for 100 μ​g/ml (327.7 μ​M) of TFV to inhibit wound healing (p =​ 0.06).

To determine whether TAF interferes with wound healing of stromal fibroblasts, dose response experiments 
were carried out in which cells were incubated with increasing concentrations of TAF (1–8 μ​M; 0.5–4 μ​g/ml) for 
24 h prior to scratch. As seen in Fig. 4c (24 and 48 h), TAF at 1–4 μ​M (0.5–2 μ​g/ml) had no effect on fibroblast 
wound healing. Significant inhibition of closure was observed at 8 μ​M, which is the same concentration at which 
impairment of epithelial cell closure following injury was observed (Fig. 3d).

Comparable intracellular TFV-DP levels result in equal inhibition of barrier function but differ-
ential wound closure by TFV and TAF.  Recognizing that the doses used in our study to compare TFV and 
TAF were very different, we performed additional experiments to compare equal doses of both drugs to accu-
rately assess their safety. Clinically, TAF is administered at lower doses than TFV, because intracellular conversion 
of TAF into TFV-DP is much more efficient than TFV16. Therefore, the same doses of these two drugs cannot 
be directly compared. Thus, to properly compare both drugs, we selected doses that provided equal amounts of 
intracellular TFV-DP.

First, we assessed intracellular concentrations of TFV-DP in genital epithelial cells following TFV and TAF 
treatment. EM epithelial cells were treated with different doses of TFV or TAF for 24 h and intracellular levels 
TFV-DP were determined by liquid chromatography with tandem mass spectrometry (LC-MS/MS) as described 
before20,23. As seen in Fig. 5a, TAF was more efficiently converted into TFV-DP than TFV, with lower drug doses 
resulting in equal levels of intracellular TFV-DP (36-fold difference). Using this data as a standard curve, we 
then calculated TFV and TAF doses that would result in equal amounts of intracellular TFV-DP to compare 
both drugs side by side (Supplementary Table 1). EM epithelial cells were then treated with these selected doses 

Figure 3.  Effect of TFV on EM, CX and ECX epithelial cell wound healing following scratch. (a) Confluent 
cultures of epithelial cells from EM, CX and ECX from the same patient were incubated with TFV (1 mg/ml; 
3277 μ​M) for 24 h prior to scratch with measurements taken at 24 h after scratch. The bars represent mean and 
SEM from triplicate cultures. *p <​ 0.05. **p <​ 0.01. (b) Decreased wound closure 24 h after scratch of TFV-
treated (1 mg/ml; 3277 μ​M) epithelial cells from CX (n =​ 5; circles) and ECX (n =​ 3; squares). (c) Lack of an 
effect of TAF (1 μ​g/ml; 2 μ​M) on endocervical (n =​ 2; circles) and ectocervical (n =​ 2; squares) epithelial cells. 
Each symbol represents a different patient. Mean is shown. **p <​ 0.01.
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Figure 4.  Effect of TFV and TAF on fibroblast wound healing. (a) Scratch width measurements were taken 
to assess wound closure using fibroblasts from EM, CX and ECX from the same patient. Fibroblasts were 
incubated with TFV (1 mg/ml; 3277 μ​M) for 24 h before scratch and 24 h and 48 h after scratch. % of wound 
closure is shown at 24 h and 48 h. The bars represent mean and SEM from triplicate cultures. *p <​ 0.05. (b) Dose 
response of TFV and TAF (c) inhibition of uterine fibroblasts wound healing following scratch. Scratch width 
measurements were determined for EM fibroblasts incubated with increasing concentrations of TFV (b) or TAF 
(c) for 24 h before scratch and 24 h and 48 h after scratch. Each circle represents a different patient (n =​ 5 for 
TVF and n =​ 4 for TAF). The mean and SEM were shown. *p <​ 0.05. **p <​ 0.01.
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for 24 h after which barrier function and wound closure were evaluated. As seen in Fig. 5b (TFV) and 5 c (TAF), 
regardless of the drug used, equal concentrations of intracellular TFV-DP resulted in equal impairment of TER 
recovery following scratch. For example, as determined in Fig. 5a, TAF =​ 5 μ​M and TFV =​ 1.8 mM would be 
expected to have intracellular concentrations of TFV-DP that for each are approximately 1.8 ×​ 106 fmol/million 
cells. Unexpectedly, as seen in Fig. 5d, wound closure was delayed to a greater extent with TFV than with TAF 
(TAF =​ 5 uM and TFV =​ 1.8 mM). These data suggest that not only intracellular TFV-DP but other additional 
factors may be responsible for the impairment in wound healing.

Overall, these findings reinforce the importance of ARV dosage and provides evidence that when TAF is con-
sidered for topical use, the amount delivered will be important given the possibility of toxic effects on epithelial 
cells at higher doses.

TFV but not TAF modifies the acute response of damaged epithelial cells from the FRT.  
Recognizing that wound healing is a multistep process28, we asked if acute responses to injury would be affected 
by TFV or TAF. Secretions from polarized endometrial epithelial cells were collected 3 h after scratch and analyzed 
for a combination of chemokines and antimicrobials: elafin, HBD2, MIP-3α​ (CCL20) and ENA-78 (CXCL5). 
These molecules were selected due to the roles they play in the acute wound healing and in innate immune protec-
tion28–30. As seen in Fig. 6a, each of the molecules were measurable in the apical compartment, with no detection 
in the basal compartment at 3 h post-scratch. When epithelial cells were incubated with TFV (1 mg/ml; 3277 μ​M) 
prior to scratch (Fig. 6a, black bars), HBD2 was significantly inhibited by TFV relative to controls, whereas there 
was a trend towards increased elafin secretion (P =​ 0.07) with no effect measured for CCL20 and CXCL5. In con-
trast, TAF (1 μ​g/ml; 2 μ​M) had no effect on any of the molecules analyzed. Following injury, HBD2 and CCL20, 
but not elafin or CXCL5, increased in response to epithelial cell scratch (Fig. 6, hatched bars). TFV pretreatment 
followed by scratch increased the secretion of elafin, CCL20 and CXCL5 relative to scratch controls. In contrast, 
TAF treatment only had a significant effect on the secretion of CXCL5, whereas other molecules were unaffected.

Since our data indicates that lower doses of TFV did not delay wound healing, we further investigated whether 
these doses had an effect on the secretion of antimicrobials. To evaluate low dose TFV, we selected 0.22 mg/ml 
(0.73 mM) of TFV, the dose that matches intracellular TFV-DP levels obtained after treatment with TAF (1 μ​g/
ml; 2 μ​M) (Fig. 5). We found that this dose of TFV (0.22 mg/ml; 0.73 mM) increased elafin production before and 
after scratch, but did not significantly modify HBD2, CCL20 (Fig. 6b) or ENA-78 (not shown). Given that TAF 
at this intracellular concentration had no effect on cytokine secretion, these findings indicate that TFV and TAF 
have separate and discrete effects even when intracellular levels of TFV-DP are the same.

Figure 5.  Comparison of intracellular TFV-DP levels in epithelial cells to evaluate TFV and TAF effects 
on barrier function and wound closure. (a) Measurement of intracellular TFV-DP levels in EM epithelial 
cells following incubation with different doses of TFV (black dots, minimum of n =​ 3 for each time point) or 
TAF (grey dots, n =​ 3 for each time point) for 24 h. (b and c) TER measurement of EM epithelial cells treated 
with selected doses of TFV (b) or TAF (c) that match intracellular concentrations of TFV-DP. Representative 
of 3 experiments with different donors. Dots represent the mean from triplicate cultures. ***p <​ 0.001. (d) % 
wound closure after treatment with matched doses of TFV (black bars) and TAF (grey bars). Bars represent 
mean ±​ SEM from 4 independent experiments with different donors. *p <​ 0.05. ***p <​ 0.001.


