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Treatment with commonly used antiretroviral drugs 
induces a type I/III interferon signature in the gut 

in the absence of HIV infection 
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Abstract 

Tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC) are used for HIV treatment and 

prevention. Previously, we found that topical rectal tenofovir gel caused immunological 

changes in the mucosa. Here we assessed the effect of oral TDF/FTC in three HIV pre-exposure 

prophylaxis trials, two with gastrointestinal and one with cervicovaginal biopsies. TDF/FTC 

induced type I/III interferon-related (IFN I/III) genes in the gastrointestinal tract, but not blood, 

with strong correlations between the two independent rectal biopsy groups (Spearman r=0.91) 

and between the rectum and duodenum (r=0.81). Gene set testing also indicated stimulation of 

type I/III pathways in the ectocervix, as well as of cellular proliferation in the duodenum. mRNA 

sequencing, digital droplet PCR, proteomics, and immunofluorescence staining confirmed IFN 

I/III pathway stimulation in the gastrointestinal tract. Thus, oral TDF/FTC stimulates an IFN-I/III 

signature throughout the gut, which could increase antiviral efficacy but also cause chronic 

immune activation in HIV prevention and treatment settings.  
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Introduction 

Despite highly active antiretroviral treatment (ART), persons living with HIV (PLWH) are more 

likely than HIV-uninfected individuals to experience non-AIDS related morbidities, such as non-

AIDS defining cancers, cardiovascular disease, osteoporosis, frailty and other conditions 

associated with aging1. This increased morbidity appears to be associated, at least in part, with 

low-level immune activation persisting even in the face of complete suppression of plasma 

viremia2. The extent to which ART itself may contribute to this chronic immune activation has 

been a nagging concern without adequate investigation.  

 

The two nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs) tenofovir and 

emtricitabine are common components of ART, which must be taken life-long to prevent 

clinical progression to AIDS. Tenofovir and emtricitabine in a single combination pill also 

compose the only licensed oral pre-exposure prophylaxis (PrEP) intervention for uninfected 

persons at risk of HIV infection3,4. While tenofovir and emtricitabine are generally well tolerated 

and considered safe, their effects specifically on the immune system have been little studied. In 

particular, no studies have evaluated their contribution to immune dysregulation in the 

gastrointestinal (GI) tract. This is surprising, given that the GI tract harbors the largest HIV 

burden on and off ART5 and is a major source of immune dysfunction in PLWH2. Moreover, two 

trials of tenofovir application directly to the female genital tract or the rectum as topical PrEP 

demonstrated a pro-inflammatory effect on the mucosa6,7. Analogous to these studies of 

topical PrEP, oral PrEP offers a unique opportunity to define the immunological effects of 

tenofovir-emtricitabine without interference by HIV infection, HIV-associated comorbidities or 
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the additional drugs PLWH must take. Because oral use of tenofovir and emtricitabine is more 

common than topical use of tenofovir by orders of magnitude, lacking information on its 

mucosal impact in fact constitutes a startling knowledge gap.  

 

To fill this gap, we received and tested blood and mucosal specimens from three human HIV 

PrEP studies of oral tenofovir-emtricitabine or tenofovir alone, two pre-licensure 

(NCT00557245, NCT01687218)8,9 and one post-licensure (NCT02621242). Participants were HIV-

negative, generally healthy and took no additional antiretroviral medications such as integrase 

or protease inhibitors, allowing us to evaluate the drugs’ effects with minimal confounders. We 

used transcriptomics and proteomics for broad discovery and confirmed results by focused PCR 

assays and immunofluorescence staining. 
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Results 

We measured the effect of oral tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC), or 

oral TDF alone, on the gastrointestinal tract, the female reproductive tract, and blood from 

three clinical trials of oral PrEP in HIV-uninfected individuals: the Microbicide Trials Network 

trial 0179 (MTN-017); ACTU-3500 (first reported here, see Methods); and the Genital Mucosal 

Substudy (GMS)10 of the Partners PrEP Study8. We analyzed gene expression by microarray, 

RNA sequencing (RNAseq) and digital droplet PCR (ddPCR); and protein expression by mass 

spectrometry and microscopy. Paired gastrointestinal biopsies were obtained before and during 

treatment from two studies: MTN-017 (rectal biopsies) and ACTU-3500 (rectal and duodenal 

biopsies). Paired female reproductive tract biopsies were obtained during and after treatment 

from one GMS cohort (GMS A; vaginal and ectocervical biopsies). Paired blood was used from 

ACTU-3500 and GMS A. Finally, blood was also obtained from a second GMS cohort in order to 

compare treatment to placebo (GMS B).Samples and assays are described in Table 1 and in the 

Methods. RNA quality was assessed for all samples with the RNA integrity number, as 

presented in Supplemental Table 1. 
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Table 1. Characteristics of studies and cohorts from which samples were obtained. GMS Genital Mucosal 

Substudy of the Partners PrEP study, MTN-017 Microbicide Trials Network study 017, ACTU-3500 AIDS Clinical 

Trial Unit Study 3500, TDF tenofovir disoproxil fumarate, FTC emtricitabine, PBMC peripheral blood 

mononuclear cells. 

  

Study Cohort Gender Control Treatment Drug Sample N Assays 
NCT01687218 
Ref 9 

MTN-
017 

Men 
(34), 
trans 
women 
(2) 

Pre-
treatment, 
paired 

2 months of 
treatment 

TDF/FTC Rectum 36 pairs Microarray 
RNAseq  
ddPCR   
Proteomics 

NCT02621242 
 

ACTU-
3500 

Men Pre-
treatment, 
paired 

2 months of 
treatment 

TDF/FTC Duodenum 8 pairs Microarray 
ddPCR   
Microscopy 

TDF/FTC Rectum 8 pairs Microarray 
ddPCR   
Microscopy 

TDF/FTC Whole 
blood 

8 pairs Microarray 
ddPCR 

TDF/FTC PBMC 8 pairs Microarray 
ddPCR 

NCT00557245 
Ref 8,10 
 
 

GMS A Women 2 months 
after 
treatment 
cessation, 
paired 

24-36 
months of 
treatment 

TDF/FTC Vagina 3 pairs Microarray 
TDF Vagina 12 pairs Microarray 

ddPCR 
TDF Ectocervix 9 pairs Microarray 

ddPCR 
TDF PBMC 10 pairs Microarray 

ddPCR 
GMS B Women Placebo, 

unpaired 
24-36 
months of 
treatment 

TDF PBMC 36 drug 
20 placebo 

Microarray 

TDF/FTC PBMC 26 drug 
20 placebo 

Microarray 
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Differentially expressed genes 

Gene expression was measured with microarrays, comparing no treatment and treatment with 

oral TDF or TDF/FTC, paired within individuals for studies with multiple samples per participant 

(MTN-017, ACTU-3500, and GMS A). Differential expression was defined by an FDR-adjusted p-

value less than 0.05, with up-regulation meaning higher expression during treatment. 

Differential expression was quantified with log2-fold changes. Differentially expressed genes 

were found in two studies: MTN-017 rectal samples (13 genes up, n = 36 pairs of samples) and 

ACTU-3500 duodenal samples (116 genes up and 135 genes down, n = 8 pairs of samples) 

(Table 2). No differentially expressed genes were found in any of the other study arms by our 

chosen FDR-adjusted p-value threshold of 0.05. Gene lists for every study arm and sample type 

are in Supplemental File 1.   

 
Study Drug Sample Genes up Genes down Total genes Off treatment n On treatment n 
MTN-017 TDF/FTC Rectum 13 0 21683 36 36 
ACTU-3500 TDF/FTC Duodenum 116 135 16321 8 8 
ACTU-3500 TDF/FTC Rectum 0 0 16399 8 8 
ACTU-3500 TDF/FTC Whole blood 0 0 13922 8 8 
ACTU-3500 TDF/FTC PBMC 0 0 14937 8 8 
GMS A TDF/FTC Vagina 0 0 18397 3 3 
GMS A TDF Vagina 0 0 18397 12 12 
GMS A TDF Ectocervix 0 0 17578 9 9 
GMS A TDF PBMC 0 0 16553 10 10 
GMS B TDF PBMC 0 0 20121 20 36 
GMS B TDF/FTC PBMC 0 0 20121 20 26 

Table 2. Differentially expressed genes. Differentially expressed genes are defined by an FDR-adjusted p-value less 

than 0.05, with up indicating higher expression during drug treatment. All analyses were paired within individuals 

except for GMS B, where samples from treated individuals were compared to samples from individuals receiving 

placebo. 
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All 13 genes differentially expressed in the rectum in MTN-017 were expressed more highly 

during treatment with TDF/FTC. As shown in Table 3, seven of these 13 genes are members of 

the gene ontology biological process “type I interferon signaling pathway” (GO:0060337): IFI27, 

IFI6, IFIT1, ISG15, RSAD2, MX1 and OAS1. Four of the other six have been reported in the 

literature to be induced by type I interferon: DDX6011,12, SAMD911, IFI27L113, and HERC611. Thus, 

only two of the thirteen genes (CCDC77 and the pseudogene MROH3P) have no reported roles 

related to type I interferon. Gene ontology overrepresentation analysis of these thirteen genes 

revealed that these thirteen genes were highly overrepresented in biological processes related 

to type I interferon and response to virus (Supplemental File 1).   

 

In the duodenum in ACTU-3500, the top overrepresented biological processes for down-

regulated genes were related to cellular metabolism, and for up-regulated genes were related 

to a variety of biological processes including RNA splicing and phospholipid transport 

(Supplemental File 1).   
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Entrez 
ID 

Gene Gene name Link to type I/III 
interferon 

Fold 
change 
(log2) 

FDR 

9636 ISG15 ISG15 ubiquitin-like modifier Gene set 0.98 2.49E-3 
4599 MX1 MX dynamin like GTPase 1 Gene set 0.92 3.60E-3 
2537 IFI6 interferon alpha inducible protein 6 Gene set 0.80 2.27E-4 
3429 IFI27 interferon alpha inducible protein 27 Gene set 0.76 3.54E-7 
3434 IFIT1 interferon induced protein with 

tetratricopeptide repeats 1 
Gene set 0.75 2.49E-3 

91543 RSAD2 radical S-adenosyl methionine domain 
containing 2 

Gene set 0.53 3.14E-3 

55601 DDX60 DExD/H-box helicase 60 Literature11,12 0.39 2.49E-3 
54809 SAMD9 sterile alpha motif domain containing 9 Literature11 0.35 0.012 
4938 OAS1 2'-5'-oligoadenylate synthetase 1 Gene set 0.32 0.016 
55008 HERC6 HECT and RLD domain containing E3 

ubiquitin protein ligase family member 
6 

Literature11 0.31 0.049 

122509 IFI27L1 interferon alpha inducible protein 27 
like 1 

Literature 13 0.25 2.27E-4 

647215 MROH3P maestro heat like repeat family 
member 3, pseudogene 

None reported 0.22 0.021 

84318 CCDC77 coiled-coil domain containing 77 None reported 0.12 0.048 

Table 3. Genes differentially expressed (higher during daily oral TDF/FTC use) in rectal biopsies in MTN-017. 

“Gene set” indicates membership in GO:0060337. “Literature” indicates that a link to type I/III interferon has been 

reported in the indicated articles.  

 

Correlation of gene expression across study arms 

The log2-fold changes of the 13 differentially expressed genes from the rectum in MTN-017 

strongly correlated with the fold changes of these same genes in the rectum in ACTU-3500 

(Figure 1A, left) (Spearman correlation coefficient r=0.91, as compared to 0.07 for all other 

genes). None of these genes had adjusted p-values < 0.05 in the rectum in ACTU-3500 (two had 

unadjusted p < 0.05), possibly due to the much smaller sample size.  

 

Similarly, there was a strong correlation between the fold changes of the 13 differentially 

expressed genes in the rectum from MTN-017 with the fold changes of the same genes in the 

duodenum in ACTU-3500 (Figure 1A, right) (Spearman correlation coefficient r=0.81, as 
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compared to 0.13 for all genes that were differentially expressed in the duodenum, and 0.06 for 

all other genes). Only one of these genes had an adjusted p-value < 0.05 in the duodenum in 

ACTU-3500 (though all 13 had unadjusted p < 0.05), possibly due to the much smaller sample 

size. 

 

Taken together, these results show that oral TDF or TDF/FTC affects the expression of relatively 

few genes. In particular, we did not find evidence of differential gene expression in the blood. 

We did detect differentially expressed genes in the rectum and the duodenum. The 13 genes 

that were differentially expressed in the rectum in MTN-017 were strongly correlated in the 

duodenum and rectum in ACTU-3500. We additionally performed gene set testing across each 

other study arm using these 13 genes as a custom gene set, comparing their expression with 

the expression of genes outside of the set. This custom 13-gene set derived from the rectum in 

MTN-017 was strongly enriched in the rectum and duodenum in ACTU-3500 (FDR = 8E-5 and 

4E-13, Figure 1B and complete gene set testing results in Supplemental File 1), as well as in the 

ectocervix. This suggests that those 13 genes, 11 of which are known to be type I/III interferon-

related, may represent an underlying biological pathway that is affected by TDF/FTC in the 

gastrointestinal tract.  
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Figure 1. Gene expression across study arms by microarray analysis. (A) Fold changes of all genes detected in the 

rectal samples in MTN-017 compared to the rectal samples from ACTU-3500 (left) and the duodenal samples from 
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ACTU-3500 (right). Colors indicate genes with FDR-adjusted p-values less than 0.05 in MTN-017 (red), ACTU-3500 

(blue), both (purple), or neither (gray). Spearman correlation coefficients for the genes falling into each subset are 

shown. (B) Expression levels of IFI6, ISG15, and MX1 in individual samples. Small points indicate measurements 

from a single biopsy, with lines connecting the matching observation from the same donor. For ACTU-3500, the 

color of the lines and symbols indicate the participant and are consistent across the panels. Black symbols and 

vertical lines show the mean and 95% confidence interval of the mean. (C) Gene set testing of a custom gene set 

composed of differentially expressed genes from the rectum in MTN-017 performed in the other study arms in the 

mucosa (left) and blood (right), comparing expression of genes in the set to all other detected genes within each 

study arm. Bars indicate the result of a test against the study labeled on the x-axis. Filled bars indicate an FDR-

adjusted p-value less than 0.05 and open symbols the opposite, with bar height showing the -log10 of the FDR-

adjusted p-value. Colors indicate the direction of change, with orange meaning more expression during product 

use and green meaning the opposite. The horizontal grey line shows an FDR-adjusted p-value of 0.05.  
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Gene set testing of Hallmark gene sets 

To assess higher level biological effects, we performed gene set testing on the fifty Hallmark 

gene sets14 within each study arm and specimen type, comparing the expression of genes in 

each set to the expression of genes not in the set (i.e. all other detected genes). Each gene set 

comprises genes that are involved in a biological state or process. To reduce the number of 

gene sets displayed and focus on those gene sets that were affected in multiple studies, we 

show the gene sets that had adjusted p-values below 0.05 in at least two study arms for tissue 

and blood in Figure 2A-B. Complete gene set testing results are provided in Supplemental File 1. 

For tissue (Figure 2A), thirteen gene sets had adjusted p-values below 0.05 in at least two study 

arms. Of these gene sets, four were related to immunity (allograft rejection, interferon-α and -γ 

responses, and TNF-α signaling via NF-κB), and four were related to cell proliferation (E2F 

targets, G2M checkpoint, and two MYC targets gene sets). In the mucosa, the immune related 

gene sets tended to be elevated during product use, with the interferon-α response being the 

strongest, not only in the duodenum and rectum but also the ectocervix. Only two gene sets 

had adjusted p-values <0.05 in at least two study arms for blood samples (Figure 2B). Both gene 

sets were immune-related (complement, interferon-γ response, and TNF-α signaling via NF-κB). 

In both cases, these gene sets were lower during product use. Thus, TDF/FTC seemed to induce 

interferon-α responses in the gastrointestinal tract and ectocervix but had a somewhat 

dampening effect on inflammatory responses in the blood.  
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Figure 2. Hallmark gene sets. Gene set testing was performed on the Hallmark gene sets in the mucosa (A) and the 

blood (B). To reduce the number of gene sets displayed and focus on those gene sets that were affected in 

multiple studies, we show only those gene sets that had an FDR-adjusted p-value less than 0.05 in at least two of 

the mucosa (A) or blood (B) study arms. Bars indicate the result of a gene set test for the gene set shown on the x-

axis tested against the study shown at right. Filled bars indicate an FDR-adjusted p-value less than 0.05 and open 

bars the opposite, with bar length proportional to the -log10 of the FDR-adjusted p-value. Colors indicate the 

direction of change, with orange meaning more expression during product use and green meaning less. The 

horizontal grey lines show an FDR-adjusted p-value of 0.05. The gene sets are grouped into categories as labeled at 

the top. 
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Corroboration of microarray data by RNA sequencing, mass spectrometry and ddPCR 

In addition to microarrays, we analyzed the RNA from MTN-017 participants by RNA 

sequencing. Two genes were differentially expressed (FDR-adjusted p<0.05) in the RNAseq 

data, both higher during TDF/FTC treatment than at baseline: IFIT1, which was also 

differentially expressed by microarray, and SLC6A20, which was not. Fold expression changes of 

the 13 genes identified as significantly upregulated in the microarrays correlated strongly with 

their fold expression changes by RNAseq (Spearman correlation 0.84 as compared to 0.34 for all 

other genes, Figure 3A). By virtue of having both microarray and RNAseq data on the same 

samples, we were able to look at genes that had similar fold changes by both methodologies. 

We looked at genes that had log2-fold changes below -0.25 or above 0.25 by both assays. Only 

twelve genes fell into the downregulated group and none had adjusted p-values below 0.05 by 

either assay but, strikingly, eight were metallothioneins (MT1A, 1E, 1F, 1G, 1H, 1M, 1X, and 2A), 

which bind to heavy metal ions. There were 28 genes with fold changes above 0.25 by both 

microarray and RNAseq, including all the differentially expressed genes from the microarray, 

except for the two non-type-I/III-interferon-related genes (i.e., 11 of 13 microarray genes). 

Many of the additional genes were also related to type I/III interferon signaling: IRF7, IRF9, 

OAS2, OAS3, IFITM1, and IFI44L, for example. Overrepresentation analysis of these 28 genes 

(with or without the 11 differentially expressed genes from the microarray) again yielded many 

gene ontology biological processes related to type I/III interferon signaling.  

 

We also analyzed rectal biopsies from MTN-017 by mass spectrometry for protein 

identification. The biopsies were run in two batches, with the samples from US participants in 
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one batch and samples from Thai participants in the other. In both cases, no proteins were 

detected as differentially expressed after adjustment for multiple comparisons (complete list of 

protein fold changes in Supplemental File 1). None of the proteins from the 13 genes of interest 

was consistently detected in the US participants, due to the low abundance of these proteins. 

We therefore could not analyze the US batch for these proteins. However, five of these proteins 

(ISG15, MX1, OAS1, DDX60 and SAMD9) were detected in all Thai samples. All but one (SAMD9) 

had positive fold changes and there was a strong correlation between the fold changes 

detected by microarray and mass spectrometry (Spearman 0.80; Figure 3B). 

 

Finally, we used ddPCR to measure the expression of three selected IFN-I/III genes (IFI6, ISG15, 

and MX1). The fold changes for ddPCR and microarray are shown in Figure 3C-D. By ddPCR, 

linear scale fold changes for these three genes ranged from 3.77 to 8.89 in the duodenum and 

1.56 to 2.88 in the rectum, while they were little changed in the blood, ectocervix, and vagina. 

Changes measured by ddPCR were always in the same direction as those by microarray and the 

magnitudes tended to be larger by ddPCR. The participant-level fold changes calculated from 

ddPCR measurements correlated well with the microarray data (Pearson correlation 0.93 for 

MX1, 0.92 for ISG15, and 0.90 for IFI6). Taking each gene separately and stratifying by study, 

sample type and gene, Pearson correlations ranged from 0.54 to 0.99, with a mean of 0.86 and 

median of 0.92. Thus, the ddPCR data confirmed that oral TDF/FTC induces genes related to 

type I/III interferon throughout the gut and mildly in the ectocervix, but not the vagina and 

blood.  
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Figure 3. Comparison of gene expression changes measured by ddPCR, RNAseq, proteomics, and microarray. (A-
B) Correlation of fold changes of genes as detected by microarray (y-axis) with genes detected by RNAseq (A) or 
proteins detected by proteomics (B) from the rectal samples from MTN-017. Colors indicate genes with FDR-
adjusted p-values less than 0.05 in microarray transcripts (red), RNAseq genes (blue, by FDR, A) or proteins (blue, 
unadjusted p-value, B), both (purple, FDR for microarray and RNAseq, unadjusted p-value for protein), or neither 
(gray). Spearman correlation coefficients for the genes falling into each subset are shown. Selected genes are 
labeled. (C-D) Fold changes in gene expression of three genes (IFI6, ISG15, or MX1) as detected by ddPCR (red), 
microarray (blue), proteomics (green), and RNAseq (purple) after treatment with TDF/FTC (C) or TDF alone (D). 
Symbols show the mean across all participants and vertical lines show the 95% confidence intervals of the mean. 
IFI6 stands for interferon alpha inducible protein 6, ISG15 for ISG15 ubiquitin-like modifier, and MX1 for MX 
dynamin like GTPase 1. A positive fold change means higher expression during treatment and a negative fold 
change means higher expression off of treatment. For ddPCR, the expression of each gene of these three genes 
was normalized to the expression of ubiquitin C (UBC), which was chosen as reference due to the stability of its 
expression across tissues and treatments in the microarray data.  
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Taken together, the data obtained from the rectum and the duodenum after TDF/FTC 

treatment for two months, in two different studies (MTN-017 and ACTU-3500), and by several 

different assays (microarray, RNAseq, ddPCR, and mass spectrometry-based proteomics) all 

indicate upregulation of factors related to type I/III IFN signaling in the gastrointestinal tract. 

 

Immunofluorescence microscopy of gastrointestinal tissues 

To further assess type I/III interferon induction, we stained duodenal and rectal tissue sections 

from ACTU-3500 for ISG15. Slides were evaluable from 8 pairs of duodenal biopsies and 6 pairs 

of rectal biopsies (before and during treatment). ISG15 was expressed by few if any stromal 

cells but within the columnar epithelium, some cells stained intensely positive (Figure 4A). 

Whereas the intensity of ISG15 staining did not change with TDF/FTC use (Figure 4B), the mean 

percentage of ISG15 bright cells increased in both the rectum (increase of 0.43 percentage 

points or 2.76-fold, one-sided paired t-test p = 0.0023) and the duodenum (0.43 percentage 

points or 1.37-fold, one-sided paired t-test p = 0.06) (Figure 4C). Co-staining of duodenal 

biopsies from three individuals with ISG15 and glycoprotein 2 (GP2), a cell surface receptor 

reported to identify microfold (M) cells, a special type of intestinal epithelial cell with 

heightened immunological activity15-17, revealed a startling overlap between the two markers 

(Figure 4D). Thus, TDF/FTC use increased the proportion of cells expressing high levels of ISG15, 

and at least some of these cells may be M cells.  
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Figure 4. Immunofluorescence microscopy staining for ISG15. (A) 20X magnification images of duodenal (top) and 

rectal (bottom) biopsies, stained for ISG15 (yellow) and DAPI (blue). Biopsies from pre-treatment (left) and at the 

end of two months of treatment (right) are shown. Scale bars are 100 µm. Duodenal biopsies came from one 

donor and rectal biopsies came from a second. (B) ISG15 intensity on ISG15 positive cells was measured in paired 

duodenal (n = 8 donors) and rectal (n = 6) biopsies from ACTU-3500. The median intensity of all cells measured is 

shown. (C) The percentage of ISG15 positive cells out of all epithelial cells is shown for the same biopsies as in (B). 

In (B) and (C), gray points indicate measurements from a single biopsy, with gray lines connecting the matching 

observation from the same donor. Black symbols and vertical lines show the mean and 95% confidence interval of 

the mean. (D) Co-staining of duodenal biopsies from three individuals for ISG15 and glycoprotein 2 (GP2). Anti-GP2 

was raised against a peptide component of pancreatic secretory (zymogen) granules and has some cross-reactivity 

with microfold (M) cells. GP2 positive cells co-express ISG15 (white arrows) but not all ISG15 positive cells are GP2 

positive. Scale bar is 100 µm.  
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Discussion 

We found that oral treatment with TDF/FTC or TDF alone had limited global effects on host 

gene expression, with no differentially expressed genes in the blood or female reproductive 

tract and tens to hundreds in the gastrointestinal tract. Notably, though, genes related to type 

I/III interferon signaling were consistently induced in the gut, with good agreement between 

microarray, ddPCR and RNA sequencing. Protein-level data by mass spectrometry, and 

immunohistology of gut sections for ISG15, were in congruence.  

 

The overall limited changes we found indicate that TDF/FTC have few off-target effects on host 

gene expression, suggesting that TDF/FTC treatment is largely benign. In light of the widespread 

use of TDF/FTC among HIV-infected individuals for treatment and HIV-uninfected individuals for 

prevention, this is reassuring. Moreover, increased type I/III interferon signaling could signify 

increased innate immune readiness, enhancing the anti-viral preventative or treatment efficacy 

of TDF/FTC. In fact, induction of a type I/III interferon signature by TDF/FTC primarily in the 

gastrointestinal mucosa could contribute to oral PrEP’s greater efficacy in preventing rectal 

over vaginal HIV transmission18. Other proposed explanations for this observation include 

pharmacokinetic differences in tenofovir levels between vaginal and rectal tissues19 and 

perturbations of tenofovir metabolism by a dysbiotic vaginal microbiome20.  

 

Stimulation of interferon pathways by TDF/FTC could have detrimental effects too. It is well 

known that continued disinhibition of IFN-I/III responses plays an important role in chronic 
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inflammatory diseases21-23. Long-term use of TDF/FTC with ongoing stimulation of IFN-I/III 

pathways could predispose individuals to chronic immune activation, including people living 

with HIV (PLWH). Interestingly, two recent papers in HIV-infected humanized mice showed that 

blocking IFN-I/III pathways lead not only to less immune activation but also to a lower HIV 

reservoir and delayed HIV rebound following ART interruption24,25. Oral TDF/FTC in PLWH could 

therefore paradoxically promote HIV reservoir persistence, especially in the gut where >99% of 

the latent reservoir is thought to reside5 and where TDF/FTC’s effect is strongest. Thus, 

selecting ART drugs that don’t stimulate IFN-I/III might decrease morbidity associated with 

chronic immune activation and even contribute to HIV cure strategies, which will likely be 

delivered alongside suppressive ART. However, we emphasize that these possible 

consequences of TDF/FTC treatment in PLWH remain speculative because we did not study 

these drugs specifically in PLWH. Notably, other factors may cause or contribute to persistent 

immune activation, such as dysregulation of the gut microbiome (reviewed in 26), dysfunction of 

regulatory immune cells27,28, insults created by HIV infection during the untreated disease 

phase29, and a number of other possible mechanisms (reviewed in 30).  

 

In addition to changes to immune-related gene expression in the gastrointestinal tract, the 

other notable gene expression changes were related to cell proliferation. Specifically, we saw 

some evidence of increased expression of gene sets related to cell proliferation in the 

duodenum, and reduced expression of these gene sets in the vagina. Proliferation-related gene 

sets were conflicting in the rectum (two sets up in one study and down in the other). In a prior 

study of rectal tenofovir 1% gel, we noted induction of pro-proliferative pathways on both the 
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transcriptomic and proteomic level7. It is difficult to speculate about the clinical relevance of 

changes to cell proliferation pathways. Factors associated with cell cycle regulation are crucial 

to balance cell proliferation with cell death, and for cells to respond to DNA damage. TDF/FTC’s 

effect on cell cycle processes in the duodenum may not be surprising given the increased drug 

concentrations likely achieved in the upper gastrointestinal tract. Long-term, high 

concentration oral administration of TDF to mice has been reported to cause a low incidence of 

duodenal tumors (Canadian product monograph for VIREAD) and liver adenomas (US 

prescribing information for VIREAD). It is unclear whether our findings with human duodenal 

biopsies relate in any way to these outcomes in rodents and no such findings have been 

reported during human use. 

 

It remains speculative how TDF/FTC induce a type I/III signature in the gut, but our and another 

group’s recent data point to some possible mechanisms. First, TDF/FTC increased the relative 

number of ISG15 bright cells within the columnar epithelium of the gut but not their ISG15 

expression levels (Figure 4), suggesting that the drugs have a proliferation-inducing effect 

especially on these cells. Based on co-expression of glycoprotein 2, they may be M cells, which 

are highly active immunological sentinels of the intestinal mucosa15-17. The increased numbers 

of these cells suggests that the increased ISG activity we observed is due to a greater number of 

ISG-producing cells, rather than more ISGs produced by a constant number of cells. Second, TDF 

treatment has been reported to increase serum IFN-λ3 levels in patients with hepatitis B or HIV 

as well as IFN-λ3 secretion from cultured colon cancer cell lines31, indicating a role for type III 

IFN. These experiments showed that TDF induction of IFN-λ3 production is unique to gut cells 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 23 
 

and, further, that TDF-induced IFN-λ3-containing supernatants cause production of MX1 and 

OAS2. Thus, these experiments provide direct in vitro confirmation of our findings that TDF/FTC 

induce type I/III IFN production specifically in the gastrointestinal tract. Unfortunately, neither 

type I nor type III interferons were detectable in any of our samples, likely due to inadequate 

sensitivity of the assays. Lastly, there have been several reports, including our prior finding 

7,32,33, that TDF inhibits IL-10 production. It has recently been shown that tenofovir 

monophosphate, an intracellular metabolite of TDF, strongly binds to Akt, a protein kinase 

broadly involved in intracellular signaling, including lipopolysaccharide (LPS)-induced 

stimulation of interleukin 10 (IL-10) transcription. Binding by tenofovir monophosphate 

prevents Akt phosphorylation and translocation to the plasma membrane, interrupting a key 

event in the LPS/IL-10 signaling cascade32. By consequence, TDF treatment reduces anti-

inflammatory IL-10 responses to LPS in favor of pro-inflammatory IL-12 responses. Taken 

together, these data demonstrate specific intracellular effects of tenofovir, with consequences 

ranging from disinhibition of cellular proliferation to perturbation of innate cytokine networks. 

However, more studies will be required to tie these findings together in a unified functional 

model.  

 

Our study has a few limitations. One is the use of within-person comparisons between on- and 

off-drug. Because participants were aware of when they were or were not taking an 

intervention, behavioral changes or other factors than the drug itself could explain the gene 

expression changes we observed. The only study where placebo was compared to treatment is 

the GMS B study, in which the samples were PBMC and no differentially expressed genes were 
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observed. Secondly, co-existing or new bacterial or viral infections could explain the interferon 

responses we attributed to the effect of TDF/FTC use. However, it is relatively unlikely for 

infections to explain these effects, because they would have to occur in a concerted fashion 

primarily at the end of the study period, during TDF/FTC use, and rarely at baseline, before 

TDF/FTC initiation. Moreover, the underlying clinical trials were well monitored and included a 

comprehensive package of HIV prevention counseling and sexually transmitted infection testing 

throughout the studies. No increase of STIs or other infections was noted during TDF/FTC use 

by testing or clinical symptoms. Thirdly, we looked for gene expression changes at the bulk cell 

levels of tissue, PBMC, and whole blood. Had we looked at specific cell types, we may have seen 

different results. For example, there is evidence that PrEP alters the composition of immune 

cells in tissues in the female genital tract and the blood33. We were also limited in our ability to 

differentiate effects of FTC from those of TDF, given that only a limited set of participants 

received TDF alone and none received FTC alone. Finally, and most importantly, our results are 

limited to HIV-uninfected people, so it is unclear whether our findings extend to PLWH. With 

the relatively recent emergence of NRTI-sparing, but equally effective, cART regimens34,35, it has 

become possible to conduct a prospective clinical trial comparing immune activation and HIV 

reservoir decay in PLWH randomized to NRTI-containing versus NRTI-sparing regimens. Our 

data advocate for such a study.  
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Methods 

Studies 

Samples were used from four studies, which are described in Table 1. Two sets of samples were 

used from the Genital Mucosal Substudy (GMS)10 of the Partners PrEP Study8: paired samples 

during and after treatment (GMS A) and unpaired placebo vs. treatment samples (GMS B). The 

samples all came from the same parent study, but were processed separately. The Microbicide 

Trials Network trial 017 (MTN-017) included oral TDF/FTC as well as topical tenofovir; only the 

oral TDF/FTC samples are included in this analysis. Rectal biopsies taken after two months of 

oral TDF/FTC use were compared to baseline samples. The study visits for the samples used 

here were performed at two sites (Pittsburgh, USA and Bangkok, Thailand), with half of the 

samples coming from each site. ACTU-3500 followed nine men initiating oral PrEP with TDF/FTC 

in Seattle, with a baseline visit and a visit after two months of PrEP use. Eight men completed 

both visits. Ethics reviews are published in the primary manuscripts for the GMS and MTN-017 

studies (listed in Table 1). ACTU-3500 was reviewed through the University of Washington 

Institutional Review Board, number 49167. Sample sizes varied within each trial depending on 

drug (TDF/FTC or TDF) and sample type. Complete sample size information is listed in Table 1. 

Study adherence measures are given in the Supplemental Material and Methods.  

 

Study sampling and laboratory assays 

Blood and biopsy sampling are described in the Supplemental Material and Methods. Gene 

expression was measured at the level of RNA and protein, by the methods indicated in Table 1 

and described in detail in the Supplemental Material and Methods.  
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Data analysis 

Data were initially processed using instrument-specific software as described in the above 

sections. Following export from instrument-specific software, data were analyzed using R 

version 3.5.236. Microarray data is posted on GEO at accession numbers GSE139611, 

GSE138723, GSE139655, and GSE139411. The raw data for all other assays is available on 

figshare at doi: 10.6084/m9.figshare.c.4704827. All code necessary to reproduce the analyses 

and figures is provided in Supplemental File 2.  

 

 

  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 27 
 

Acknowledgments 

We wish to express gratitude to all study volunteers for their participation. We are grateful to 

Max Abou and Lauren Girard for proteomic wet lab support as well as Stuart McCorrister and 

Garrett Westmacott for mass spectrometry technical support. We acknowledge the Fred Hutch 

Experimental Histopathology (Sunni Farley, Savanh Chanthaphavong, Li-Ya Huang) and 

Genomics (Cassie Sather, Crissa Bennett) core facilities for their assistance.  

 

This work was funded by NIH R01AI116292 (to FH), NIH R01AI111738 (to JRL), Bill and Melinda 

Gates Foundation #47674 (to JRL), NIH R01AI134293 (to RM), NIH AI027757 (to JMB), NIH 

AI069481 (to ACC and MJM). MJC and IM were supported by the Microbicide Trials Network 

(UM1AI068633, Sharon Hillier, PI). The ddPCR portion of this work was supported by a grant 

from the James B. Pendleton Charitable Trust. The NCI 5 P30 CA015704-44 Cancer Center 

Support Grant supported the Fred Hutch Experimental Histopathology core facility.  

 

Disclaimer 

The findings and conclusions in this report are those of the authors and do not necessarily 

represent the official position of the funding agencies. The funders had no role in the study 

design, data collection and analysis, decision to publish, or preparation of the manuscript. The 

corresponding author had full access to all the data in the study and had final responsibility for 

the decision to submit for publication.   

  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 28 
 

References 

1 Lerner, A.M., Eisinger, R.W., and Fauci, A.S. (2019). Comorbidities in Persons With HIV: The 
Lingering Challenge. JAMA. 
 
2 Alzahrani, J., Hussain, T., Simar, D., Palchaudhuri, R., Abdel-Mohsen, M., Crowe, S.M., Mbogo, 
G.W., and Palmer, C.S. (2019). Inflammatory and immunometabolic consequences of gut 
dysfunction in HIV: Parallels with IBD and implications for reservoir persistence and non-AIDS 
comorbidities. EBioMedicine 46, 522-531. 
 
3 Okwundu, C.I., Uthman, O.A., and Okoromah, C.A. (2012). Antiretroviral pre-exposure 
prophylaxis (PrEP) for preventing HIV in high-risk individuals. Cochrane Database Syst Rev, 
CD007189. 
 
4 Force, U.S.P.S.T., Owens, D.K., Davidson, K.W., Krist, A.H., Barry, M.J., Cabana, M., Caughey, 
A.B., Curry, S.J., Doubeni, C.A., Epling, J.W., Jr., et al. (2019). Preexposure Prophylaxis for the 
Prevention of HIV Infection: US Preventive Services Task Force Recommendation Statement. 
JAMA 321, 2203-2213. 
 
5 Estes, J.D., Kityo, C., Ssali, F., Swainson, L., Makamdop, K.N., Del Prete, G.Q., Deeks, S.G., 
Luciw, P.A., Chipman, J.G., Beilman, G.J., et al. (2017). Defining total-body AIDS-virus burden 
with implications for curative strategies. Nat Med 23, 1271-1276. 
 
6 Keller, M.J., Wood, L., Billingsley, J.M., Ray, L.L., Goymer, J., Sinclair, S., McGinn, A.P., 
Marzinke, M.A., Frank, B., Srinivasan, S., et al. (2019). Tenofovir disoproxil fumarate intravaginal 
ring for HIV pre-exposure prophylaxis in sexually active women: a phase 1, single-blind, 
randomised, controlled trial. The lancet HIV 6, e498-e508. 
 
7 Hladik, F., Burgener, A., Ballweber, L., Gottardo, R., Vojtech, L., Fourati, S., Dai, J.Y., Cameron, 
M.J., Strobl, J., Hughes, S.M., et al. (2015). Mucosal effects of tenofovir 1% gel. eLife 4, e04525. 
 
8 Baeten, J.M., Donnell, D., Ndase, P., Mugo, N.R., Campbell, J.D., Wangisi, J., Tappero, J.W., 
Bukusi, E.A., Cohen, C.R., Katabira, E., et al. (2012). Antiretroviral prophylaxis for HIV prevention 
in heterosexual men and women. N Engl J Med 367, 399-410. 
 
9 Cranston, R.D., Lama, J.R., Richardson, B.A., Carballo-Dieguez, A., Kunjara Na Ayudhya, R.P., 
Liu, K., Patterson, K.B., Leu, C.S., Galaska, B., Jacobson, C.E., et al. (2016). MTN-017: A Rectal 
Phase 2 Extended Safety and Acceptability Study of Tenofovir Reduced-Glycerin 1% Gel. Clin 
Infect Dis. 
 
10 Lund, J.M., Broliden, K., Pyra, M.N., Thomas, K.K., Donnell, D., Irungu, E., Muwonge, T.R., 
Mugo, N., Manohar, M., Jansson, M., et al. (2016). HIV-1-Neutralizing IgA Detected in Genital 
Secretions of Highly HIV-1-Exposed Seronegative Women on Oral Preexposure Prophylaxis. J 
Virol 90, 9855-9861. 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 29 
 

 
11 Schoggins, J.W., Wilson, S.J., Panis, M., Murphy, M.Y., Jones, C.T., Bieniasz, P., and Rice, C.M. 
(2011). A diverse range of gene products are effectors of the type I interferon antiviral 
response. Nature 472, 481-485. 
 
12 Miyashita, M., Oshiumi, H., Matsumoto, M., and Seya, T. (2011). DDX60, a DEXD/H box 
helicase, is a novel antiviral factor promoting RIG-I-like receptor-mediated signaling. Mol Cell 
Biol 31, 3802-3819. 
 
13 Parker, N., and Porter, A.C. (2004). Identification of a novel gene family that includes the 
interferon-inducible human genes 6-16 and ISG12. BMC Genomics 5, 8. 
 
14 Liberzon, A., Birger, C., Thorvaldsdottir, H., Ghandi, M., Mesirov, J.P., and Tamayo, P. (2015). 
The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 417-425. 
 
15 Mabbott, N.A., Donaldson, D.S., Ohno, H., Williams, I.R., and Mahajan, A. (2013). Microfold 
(M) cells: important immunosurveillance posts in the intestinal epithelium. Mucosal Immunol 6, 
666-677. 
 
16 Miller, H., Zhang, J., Kuolee, R., Patel, G.B., and Chen, W. (2007). Intestinal M cells: the 
fallible sentinels? World J Gastroenterol 13, 1477-1486. 
 
17 Fabiano, A., Brilli, E., Mattii, L., Testai, L., Moscato, S., Citi, V., Tarantino, G., and Zambito, Y. 
(2018). Ex Vivo and in Vivo Study of Sucrosomial((R)) Iron Intestinal Absorption and 
Bioavailability. International journal of molecular sciences 19. 
 
18 Buchbinder, S.P. (2018). Maximizing the Benefits of HIV Preexposure Prophylaxis. Topics in 
antiviral medicine 25, 138-142. 
 
19 Cottrell, M.L., Yang, K.H., Prince, H.M., Sykes, C., White, N., Malone, S., Dellon, E.S., 
Madanick, R.D., Shaheen, N.J., Hudgens, M.G., et al. (2016). A Translational Pharmacology 
Approach to Predicting Outcomes of Preexposure Prophylaxis Against HIV in Men and Women 
Using Tenofovir Disoproxil Fumarate With or Without Emtricitabine. J Infect Dis 214, 55-64. 
 
20 Klatt, N.R., Cheu, R., Birse, K., Zevin, A.S., Perner, M., Noel-Romas, L., Grobler, A., 
Westmacott, G., Xie, I.Y., Butler, J., et al. (2017). Vaginal bacteria modify HIV tenofovir 
microbicide efficacy in African women. Science 356, 938-945. 
 
21 Reich, N.C. (2019). Too much of a good thing: Detrimental effects of interferon. Semin 
Immunol 43, 101282. 
 
22 Barrat, F.J., Crow, M.K., and Ivashkiv, L.B. (2019). Interferon target-gene expression and 
epigenomic signatures in health and disease. Nat Immunol 20, 1574-1583. 
 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 30 
 

23 Rodero, M.P., and Crow, Y.J. (2016). Type I interferon-mediated monogenic 
autoinflammation: The type I interferonopathies, a conceptual overview. J Exp Med 213, 2527-
2538. 
 
24 Zhen, A., Rezek, V., Youn, C., Lam, B., Chang, N., Rick, J., Carrillo, M., Martin, H., Kasparian, S., 
Syed, P., et al. (2017). Targeting type I interferon-mediated activation restores immune function 
in chronic HIV infection. J Clin Invest 127, 260-268. 
 
25 Cheng, L., Ma, J., Li, J., Li, D., Li, G., Li, F., Zhang, Q., Yu, H., Yasui, F., Ye, C., et al. (2017). 
Blocking type I interferon signaling enhances T cell recovery and reduces HIV-1 reservoirs. J Clin 
Invest 127, 269-279. 
 
26 Dillon, S.M., Frank, D.N., and Wilson, C.C. (2016). The gut microbiome and HIV-1 
pathogenesis: a two-way street. AIDS 30, 2737-2751. 
 
27 Pandiyan, P., Younes, S.A., Ribeiro, S.P., Talla, A., McDonald, D., Bhaskaran, N., Levine, A.D., 
Weinberg, A., and Sekaly, R.P. (2016). Mucosal Regulatory T Cells and T Helper 17 Cells in HIV-
Associated Immune Activation. Front Immunol 7, 228. 
 
28 Ibarrondo, F.J., Wilson, S.B., Hultin, L.E., Shih, R., Hausner, M.A., Hultin, P.M., Anton, P.A., 
Jamieson, B.D., and Yang, O.O. (2013). Preferential depletion of gut CD4-expressing iNKT cells 
contributes to systemic immune activation in HIV-1 infection. Mucosal Immunol 6, 591-600. 
 
29 Dillon, S.M., Guo, K., Austin, G.L., Gianella, S., Engen, P.A., Mutlu, E.A., Losurdo, J., Swanson, 
G., Chakradeo, P., Keshavarzian, A., et al. (2018). A compartmentalized type I interferon 
response in the gut during chronic HIV-1 infection is associated with immunopathogenesis. 
AIDS 32, 1599-1611. 
 
30 Younas, M., Psomas, C., Reynes, J., and Corbeau, P. (2016). Immune activation in the course 
of HIV-1 infection: Causes, phenotypes and persistence under therapy. HIV Med 17, 89-105. 
 
31 Murata, K., Asano, M., Matsumoto, A., Sugiyama, M., Nishida, N., Tanaka, E., Inoue, T., 
Sakamoto, M., Enomoto, N., Shirasaki, T., et al. (2018). Induction of IFN-lambda3 as an 
additional effect of nucleotide, not nucleoside, analogues: a new potential target for HBV 
infection. Gut 67, 362-371. 
 
32 Murata, K., Tsukuda, S., Suizu, F., Kimura, A., Sugiyama, M., Watashi, K., Noguchi, M., and 
Mizokami, M. (2019). Immunomodulatory mechanism of acyclic nucleoside phosphates in 
treatment of hepatitis B virus infection. Hepatology. 
 
33 Richert-Spuhler, L.E., Pattacini, L., Plews, M., Irungu, E., Muwonge, T.R., Katabira, E., Mugo, 
N., Meyers, A.F.A., Celum, C., Baeten, J.M., et al. (2019). Pre-exposure prophylaxis differentially 
alters circulating and mucosal immune cell activation in herpes simplex virus type 2 seropositive 
women. AIDS 33, 2125-2136. 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 31 
 

 
34 Llibre, J.M., Hung, C.C., Brinson, C., Castelli, F., Girard, P.M., Kahl, L.P., Blair, E.A., Angelis, K., 
Wynne, B., Vandermeulen, K., et al. (2018). Efficacy, safety, and tolerability of dolutegravir-
rilpivirine for the maintenance of virological suppression in adults with HIV-1: phase 3, 
randomised, non-inferiority SWORD-1 and SWORD-2 studies. Lancet. 
 
35 Margolis, D.A., Gonzalez-Garcia, J., Stellbrink, H.J., Eron, J.J., Yazdanpanah, Y., Podzamczer, 
D., Lutz, T., Angel, J.B., Richmond, G.J., Clotet, B., et al. (2017). Long-acting intramuscular 
cabotegravir and rilpivirine in adults with HIV-1 infection (LATTE-2): 96-week results of a 
randomised, open-label, phase 2b, non-inferiority trial. Lancet 390, 1499-1510. 
 
36 Team, R.C. (2018). A Language and Environment for Statistical Computing (Vienna, Austria). 
 
 

  

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 3, 2020. ; https://doi.org/10.1101/701961doi: bioRxiv preprint 

https://doi.org/10.1101/701961
http://creativecommons.org/licenses/by-nd/4.0/


 

Page 32 
 

Supplement 

 

Supplemental File 1. Results of data analysis.  

Supplemental File 2. R code used for data analysis. 
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Supplemental Tables 

 

Study Sample RIN  
ACTU-3500 Duodenum 8.4 (7.8-9) 
ACTU-3500 Whole blood 8.1 (7.1-8.7) 
ACTU-3500 PBMC 9.6 (9.3-9.8) 
ACTU-3500 Rectum 7.9 (6.9-8.8) 
GMS A Ectocervix 8.1 (7.1-8.8) 
GMS A PBMC 8.3 (6.5-9.4) 
GMS A Vagina 8.3 (6.5-9.7) 
GMS B PBMC 9.1 (7-9.7) 
MTN-017 Rectum 7.8 (5.5-8.8) 

Supplemental Table 1. Sample quality. RNA Integrity Number (RIN) was determined by Agilent TapeStation. 

Values are displayed as mean (range). 

 

 

Target Assay Name Component Sequence 
IFI6 Hs.PT.58.4407609 Probe /56-FAM/CCA AGG TCT /ZEN/AGT GAC GGA GCC 

C/3IABkFQ/ 
Primer 1 GTA GCA CAA GAA AAG CGA TAC C 
Primer 2 CTG CTG TGC CCA TCT ATC AG 

MX1 Hs.PT.58.38362411 Probe /5HEX/CTT GGA ATG /ZEN/GTG GCT GGA TGG 
C/3IABkFQ/ 

Primer 1 CAT TCA GTA ATA GAG GGT GGG A 
Primer 2 TGA AAT CTG GAG TGA AGA ACG C 

ISG15 Hs.PT.58.39185901.g Probe /56-FAM/CAC CTG GAA /ZEN/TTC GTT GCC CGC 
/3IABkFQ/ 

Primer 1 GCC TTC AGC TCT GAC ACC 
Primer 2 CGA ACT CAT CTT TGC CAG TAC A 

UBC Hs.PT.39a.22214853 Probe /5HEX/TCG ATG GTG /ZEN/TCA CTG GGC TCA 
AC/3IABkFQ/ 

Primer 1 CCT TAT CTT GGA TCT TTG CCT TG 
Primer 2 GAT TTG GGT CGC AGT TCT TG 

Supplemental Table 2. Primers and probes used for ddPCR.  
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