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Abstract 63 

Cryopreserved peripheral blood mononuclear cells (PBMCs) are frequently collected and 64 

provide disease- and treatment-relevant data in clinical studies. Here, we developed 65 

combined protein (40 antibodies) and transcript single cell (sc)RNA sequencing in 66 

PBMCs. Among 31 participants in the WIHS Study, we sequenced 41,611 cells. Using 67 

Boolean gating followed by Seurat UMAPs and Louvain clustering, we identified 58 68 

subsets among CD4 T, CD8 T, B, NK cells and monocytes. This resolution was superior 69 

to flow cytometry, mass cytometry or scRNA-sequencing without antibodies. Since the 70 

transcriptome was not needed for cell identification, combined protein and transcript 71 

scRNA-Seq allowed for the assessment of disease-related changes in transcriptomes and 72 

cell type proportion. As a proof-of-concept, we showed such differences between healthy 73 

and matched individuals living with HIV with and without cardiovascular disease. In 74 

conclusion, combined protein and transcript scRNA sequencing is a suitable and 75 

powerful method for clinical investigations using PBMCs. 76 

 77 
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MAIN TEXT 81 

Introduction 82 

PBMCs are a rich source of disease- and treatment-relevant information.[3, 9, 22, 30, 38, 83 

53, 60–62] PBMCs can be analyzed without mechanical or enzymatic dissociation, which 84 

are known to alter cell surface markers and transcriptomes.[56] PBMCs can be 85 

cryopreserved without loss of viability. At the most basic level, lymphocytes and 86 

monocyte can be distinguished by morphology using automated cell counters (CBC).[4] 87 

Current practice is to use flow cytometry of between 8 and 16 markers.[40, 43, 52] More 88 

recently, mass cytometry became available,[1, 11, 47, 57] allowing for analysis of up to 89 

40 markers. Single cell RNA-sequencing (scRNA-Seq) allows the interrogation of 90 

expressed genes[8, 28, 35, 48, 63] and surface markers.[48, 64]  91 

In immune cells, the correlation between mRNA and surface expression of any given 92 

surface marker is weak.[25] This is because cell surface expression is not only 93 

determined by gene expression, but also by posttranslational protein modifications,[26] 94 

trafficking to the cell surface, protein stability, and proteolytic modifications. Cell types 95 

in PBMCs have been defined by flow cytometry, and the surface markers of the major 96 

cell types are very well known. Yet, it is difficult to call even major cell types by scRNA-97 

Seq. For example, CD4 T cells are not resolved from CD8 T cells and natural killer (NK) 98 

cells.[59] To capitalize on the vast flow and mass cytometry literature, it is necessary to 99 

assess cell surface phenotype along with transcriptomes. 100 

Only two publications reported single cell transcriptomes from patients with 101 

atherosclerosis (carotid endarterectomy specimens and matched PBMCs).[9, 58] 1,652 102 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2021. ; https://doi.org/10.1101/2020.09.10.292086doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.10.292086
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

PBMCs from one patient were analyzed by 10x Genomics 3’ and cellular indexing of 103 

transcriptional epitope sequencing (CITE-Seq),[35, 48] using a panel of 21 antibodies. 104 

No healthy control PBMCs were studied. A recent study reported the effect of HIV 105 

infection on PBMC transcriptomes,[20] focusing on acute HIV infection (before 106 

antiretroviral therapy started) and reporting PBMC transcriptomes in four patients at 8 107 

defined time points (average of 1,976 PBMC transcriptomes per participant and 108 

condition). No scRNA-Seq or CITE-Seq studies of PBMCs of people living with chronic 109 

HIV infection have been reported. No single cell studies of the interaction between HIV 110 

and CVD are available. 111 

Here, we report transcriptomes and cell surface phenotypes of almost 42,000 PBMCs 112 

using the targeted scRNA-Seq BD Rhapsody platform[8, 28] that simultaneously 113 

provides single cell surface phenotype (40 monoclonal antibodies, mAbs) and 114 

transcriptomes (485 immune and inflammatory transcripts) in the same cells. As a proof-115 

of-concept, we show significant differences in cell proportions and cell transcriptomes 116 

between healthy subjects and matched subjects living with HIV or cardiovascular disease 117 

from the WIHS cardiovascular sub-study. WIHS is an ongoing multi-center, prospective, 118 

observational cohort study of women with or at risk of HIV infection. PBMCs were 119 

cryopreserved on liquid N2, following strict standard operating procedures that ensured 120 

preservation of cell surface phenotype, viability, and transcriptomes.  121 

 122 
 123 
 124 
 125 

 126 

 127 
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Material and Methods  128 
 129 

Study characteristics and sample selection. The Women’s Interagency HIV Study 130 

(WIHS) was initiated in 1994 at six (now expanded to ten) U.S. locations.[13, 16] It is an 131 

ongoing prospective study of over 4,000 women with or at risk of HIV infection. 132 

Recruitment in the WIHS occurred in four phases (1994-1995, 2001-2002, 2010-2012, 133 

and 2013-2015) from HIV primary care clinics, hospital-based programs, and community 134 

outreach and support groups.  Briefly, the WIHS involves semi-annual follow-up visits, 135 

during which participants undergo similar detailed examinations, specimen collection, 136 

and structured interviews assessing health behaviors, medical history, and medication 137 

use.  All participants provided informed consent, and each site’s Institutional Review 138 

Board approved the studies. 139 

 140 

All participants in the current analysis were part of a vascular sub-study nested within the 141 

WIHS.[13, 16, 18] The baseline visit for the vascular sub-study occurred between 2004 142 

and 2006, and a follow-up visit occurred on average seven years later.  Participants 143 

underwent high-resolution B-mode carotid artery ultrasound to image six locations in the 144 

right carotid artery: the near and far walls of the common carotid artery, carotid 145 

bifurcation, and internal carotid artery. A standardized protocol was used at all sites,[18] 146 

and measurements of carotid artery focal plaque, a marker of subclinical atherosclerosis, 147 

were obtained at a centralized reading center (U. of Southern California).  Subclinical 148 

CVD (sCVD) was defined based on the presence of one or more carotid artery 149 

lesions.[18]  150 

 151 
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From the initial 1,865 participants in the WIHS vascular sub-study, 32 participants were 152 

selected for scRNA-seq analysis. CVD was defined as presence of carotid artery focal 153 

plaque at either vascular sub-study visit to define four groups of eight participants each: 154 

HIV-, HIV+CVD-, HIV+CVD+, HIV+CVD+ on CRT. Because we were interested in the 155 

joint relationships of HIV infection and sCVD with surface marker and RNA expression 156 

by different cell subtypes, we selected matched samples based on HIV, CVD and 157 

cholesterol-reducing treatment (CRT, mostly statins). The latter was done because we 158 

found that CRT had a major impact on monocyte transcriptomes.[7]. HIV infection status 159 

was ascertained by enzyme-linked immunosorbent assay (ELISA) and confirmed by 160 

Western blot. Non-CVD participants with self-reported coronary heart disease or current 161 

lipid-lowering therapy use were excluded. Participants were formed in quartets matched 162 

by race/ethnicity (except one quartet), age (± 5 years) at the baseline vascular sub-study 163 

(except one quartet where the age difference was more but all the women were post-164 

menopausal), visit number, smoking history, and date of specimen collection (within 1 165 

year).   166 

 167 

Demographic, clinical, and laboratory variables were assessed from the same study visit 168 

using standardized protocols. The median age at the baseline study visit was 55 years, 169 

and 96% of participants were either of Black race or Hispanic ethnicity.  Most (86%) 170 

reported a history of smoking.  Substance use was highly prevalent, with 43% of HIV+ 171 

and 50% of HIV- participants reporting either a history of injection drug use; current use 172 

of crack, cocaine, or heroin; or alcohol use (≥14 drinks per week).  Among HIV+ 173 

participants, over 80% reported use of HAART at the time PBMCs were obtained, and 174 
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59% reported an undetectable HIV-1 RNA level.  The median CD4+ T-cell count was 175 

585 cells/µL (IQR 382-816) in HIV+ women without sCVD and 535 cells/µL (IQR 265-176 

792) in HIV+ women with sCVD.  177 

 178 

Preparation of PBMC samples for combined protein and RNA-seq. To avoid batch 179 

effects, sixteen samples each were processed on the same day. PBMC tubes were thawed 180 

in a 37℃ water bath and tubes filled with 8 mL of complete RPMI-1640 solution (Table 181 

S1; cRPMI-1640 contains human serum albumin, HEPES, sodium pyruvate, MEM-182 

NEAA, penicillin-streptomicyn, GlutaMax, and mercaptoethanol). The tubes were 183 

centrifuged at 400 xg for 5 minutes and pellets resuspended in cold staining buffer (2 % 184 

fetal bovine serum (FBS) in phosphate-buffered saline (PBS)). All reagents, 185 

manufacturers, and catalogue numbers are listed in Table S1. Manual cell counting was 186 

performed by diluting cell concentration to achieve 100-400 cells per hemocytometer 187 

count. Cells were aliquoted to a count of 1 million cells each and incubated on ice with 188 

Fc Block (BD, Table S1) at a 1:20 dilution, centrifuged at 400 xg for 5 minutes, 189 

resuspended in 180 µL of SB and transferred to their respective sample multiplexing kit 190 

tubes (BD). The cells were incubated for 20 minutes at room temperature, transferred to 5 191 

mL polystyrene tubes, washed 3 times and centrifuged at 400 xg for 5 minutes. The cells 192 

were resuspended in 400 µL of staining buffer and 2 µL of DRAQ7 and calcein AM were 193 

added to each tube. The viability and cell count of each tube was determined using the 194 

BD Rhapsody scanner (Table S2). Tube contents were pooled in equal proportions with 195 

total cell counts not to exceed 1 million cells. The tubes were then centrifuged at 400 xg 196 

for 5 minutes and resuspended in a cocktail of 40 AbSeq (Table S3) antibodies (2 µL 197 
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each and 20 µL of staining buffer) on ice for 30-60 minutes per manufacturer’s 198 

recommendations. The tubes were then washed with 2 mL of SB followed by 199 

centrifugation at 400 xg for 5 minutes. This was repeated two more times for a total of 3 200 

washes. The cells were then counted again using the scanner.  201 

 202 

Library preparation. Cells were loaded at 800-1000 cells/µL into the primed plate per 203 

the BD user guide. The beads were isolated with a magnet and the supernatant removed. 204 

Reverse transcription was performed at 37 ℃ on a thermomixer at 1200 rpm for 20 205 

minutes. Exonuclease I was incubated at 37 ℃ on a thermomixer at 1200 rpm for 30 206 

minutes and then immediately placed on a heat block at 80 ℃ for 20 minutes. The tube 207 

was placed on ice followed by supernatant removal while beads were on a magnet. The 208 

beads were resuspended in BD bead resuspension solution. Then, the tubes were stored at 209 

4 ℃ until further processing. Per BD’s protocol, the reagents for PCR1 including the BD 210 

Human Immune Response Panel and a custom panel of ~100 genes (Table S4) were 211 

added to the beads. Samples were aliquoted into four 0.2 mL strip PCR tubes and 212 

incubated for 10 cycles according to BD’s protocol for PCR1. A double size selection 213 

was performed to remove high genomic DNA fragments by adding 0.7x volume AMPure 214 

XP SPRI beads to the PCR products. After incubation, the supernatant is recovered and 215 

transferred to a new tube followed by purifying the supernatant with an additional 100 µL 216 

of AMPure XP beads (sample tags and antibodies). The RNA tube was washed twice 217 

with 500 µL of 80 % ethanol. 550 µl of supernatant were removed from the antibody tube 218 

followed by two washes with 500 µL of 80 % ethanol. The cDNA was eluted off the 219 

beads using 30 µL of BD elution buffer and then transferred to a 1.5 mL tube. 220 
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 221 

Pre-sequencing quality control (QC). QC/ and quantification was performed on the 222 

tube containing AbSeq and Sample Tags using Agilent TapeStation high sensitivity 223 

D1000 screentape. 5 µL from each tube (mRNA and Ab/ST) was then added to their 224 

respective tubes containing the reagents for PCR2. Each tube had 12 cycles of PCR 225 

performed according to BD’s user guide. Each tube was cleaned with AMPure XP beads 226 

at 0.8X for mRNA and 1.2X for sample tags. Two 200 µL washes were performed during 227 

the clean-up using 80 % ethanol per sample. The cDNA was eluted off using BD elution 228 

buffer. QC/ and quantification was performed using Agilent TapeStation high sensitivity 229 

D1000 screen tape and Qubit double stranded high sensitivity DNA test kit. The mRNA 230 

was then diluted, if necessary, to a concentration of 1.2-2.7 ng/µL and the antibody and 231 

sample tag libraries from PCR2 were diluted, if needed, to a concentration of 0.5-1.1 232 

ng/µL. From each sample 3 µL were added to a volume of 47 µL of reagents for PCR3 as 233 

described by BD’s user guide following the protocol and number of cycles listed, except 234 

for AbSeq, which had 9 cycles of PCR performed as determined by previous 235 

optimization. The three libraries were then cleaned with AMPure XP beads at 0.7X for 236 

AbSeq and 0.8X for sample tags. Samples were washed twice with 200 µL of 80 % 237 

ethanol. The cDNA was eluted off the beads using BD’s elution buffer. Final QC and 238 

quantification was performed using TapeStation and Qubit kits and reagents.  239 

 240 

Sequencing. The samples were pooled and sequenced to the following nominal depth 241 

recommended by BD: AbSeq: n x 1000 reads per cell, where n is the plexity of AbSeq 242 

used; mRNA: 20,000 reads per cell; Sample Tags: 600 reads per cell. Thus, a total of 243 
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60,600 reads per cell were desired for sequencing on the NovaSeq. The samples and 244 

specifications for pooling and sequencing depth, along with number of cells loaded onto 245 

each plate was optimized for S1 and S2 100 cycle kits (Illumina) with the configuration 246 

of 67x8x50 bp. Once sequencing was complete, a FASTA file was generated by BD as a 247 

reference for our AbSeq and genes we targeted with these assays. The FASTA file and 248 

FASTQ files generated by the NovaSeq were uploaded to Seven Bridges Genomics 249 

pipeline, where the data was filtered and matrices and csv files were generated. This 250 

analysis generated draft transcriptomes and surface phenotypes of 54,078 cells (496 251 

genes, 40 antibodies). 11 genes were not expressed, leaving 485 genes for analysis. 252 

 253 

Doublet Removal. Based on the 4 sample tags used per plate, 8,359 doublets were 254 

removed. The remaining 45,719 cells were analyzed using the Doublet Finder package on 255 

R (https://github.com/chris-mcginnis-ucsf/DoubletFinder) with the default doublet 256 

formation rate (7.5%). This removed another 3,322 doublets, leaving 42,397 Cells. 257 

Finally, we removed all cells that had less than 128 (27) antibody molecules sequenced. 258 

This removed 786 noisy cells, resulting in 41,611 cell transcriptomes. All antibody data 259 

were CLR (centered log-ratio) normalized and converted to log2 scale. All transcripts 260 

were normalized by total UMIs in each cell and scaled up to 1000. 261 

 262 

Thresholding. Preliminary experiments showed that each antibody had both specific and 263 

non-specific binding, as expected. To remove the non-specific signal, each antibody 264 

threshold (Table S5) was obtained by determining its expression in a known negative 265 

cell. To identify the thresholds, biaxial plots of mutually exclusive markers were used to 266 
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best separate the positive populations from the noise. In combined protein and transcript 267 

panel single cell sequencing, non-specific background staining is caused by incomplete 268 

Fc block and oligonucleotide-tagged antibody being trapped in the nanowell.[48] 269 

Ridgeline plots of the unthresholded and thresholded antibody expressions for each main 270 

cell type are shown in Supplemental Figure S1, which indicates how the thresholding 271 

worked on each antibody expression. 272 

 273 

Clustering. Clustering was performed using UMAP (Uniform Manifold Approximation 274 

and Projection) and Louvain clustering.[50] UMAP is a manifold learning technique for 275 

dimensionality reduction. It is based on neighborhood graphs, which captures the local 276 

relationship in the data. UMAP is able to maintain local structure and also preserve 277 

global distances in the reduced dimension, i.e. the cells that are similar in the high 278 

dimension remain close-by in the 2 dimensions and the cells that different are apart in the 279 

2 dimensions. The clustering parameters used were: n_neighbors = 100, n_pcs = 50, 280 

min_dist = 1, spread = 1, random state = 42. Louvain resolution was set at 0.8. 281 

Subclustering of each major cell type was based on all non-negative antibodies (Table 282 

S6). Gates were overlaid and used in all subsequent UMAP figures (cell numbers in 283 

Table S7) 284 

 285 

Cluster Assignment. In CD4 T cells, 4 of the initial clusters were further divided based 286 

on the expression of CD11c, CD56, CD25, CD127, CXCR3, and CCR2. CD8 T cells had 287 

two clusters that were divided based on CD11c, CD16, and CXCR3 surface marker 288 

expression. One cluster from classical monocytes and one cluster from intermediate 289 
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monocytes were further divided based on CCR7 and CD152 expression, respectively. In 290 

non-classical monocytes, one cluster showed differential expression of CD36 and CD152 291 

expression and was divided in two. In B cells, one cluster was split because it showed 292 

differential expression of CD25 and CXCR3 within the cluster. Finally, two clusters from 293 

NK cells were split due to CD16, CD56, and CD11c expression.  294 

 295 

Comparing Gene Expression among Participant Types. To determine differential 296 

expression (DE) among the four types of participants, we use the Seurat package [49] in 297 

R with no thresholds over avg_logFC, minimum fraction of cells required in the two 298 

populations being compared, minimum number of cells and minimum number of cells 299 

expressing a feature in either group. We filtered for adjusted p<0.05 and compared HIV-, 300 

HIV+CVD-, HIV+CVD+, and HIV+CVD+CRT+. From this data, volcano plots were 301 

generated using ggplot2 and ggrepel packages in R. Axes were restricted to the range of 302 

(-2,2) on the x-axis and (0,20) on the y-axis. Genes outside these ranges were bounded to 303 

the corresponding limit of the axes. Exact p-values of differential gene expression in all 304 

major cell types and the top 10 highly regulated genes for the main cell types are shown 305 

in Table S8 and S9, respectively.  306 

 307 

Comparing Cell Proportions. To find changes in proportions, we identified the cell 308 

numbers for each participant in each cluster (Table S10). Statistical differences in cell 309 

proportions were calculated by log-odds ratio defined as p/(1-p) where p is the proportion 310 

of cells, followed by ANOVA and Tukey’s multiple comparison test between the four 311 

groups. For clarity, the data are presented as percentage of cells. 312 
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 313 

Correlation Analysis. We correlated each antibody to its corresponding gene(s) using 314 

Spearman rank correlation and significance (R package). For each combination of gene-315 

antibody, we discarded cells that had values below the corresponding threshold for that 316 

antibody as well as cells with zero counts for that gene. After this filter, any gene-317 

antibody combination that had 10 cells or less was deemed insignificant. Finally, all non-318 

significant (p-value > 0.05) were designated a nominal value of zero as the Spearman 319 

rank correlation coefficient and we selected only those genes or antibodies that had at 320 

least one correlation whose coefficient >= 0.25 or whose coefficient <= -0.25. All 321 

significant non-negative correlations are reported in Table S11. 322 

 323 

  324 
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Results  325 

Identification of main cell types based on antibody expression. To identify the major 326 

known cell types, we used biaxial gating on CD3, CD19, CD4, CD8, CD14, CD16, and 327 

CD56. This approach defines (Figure 1A-E):  328 

• B cells: CD19+ CD3-  329 

• T cells: CD19- CD3+  330 

• CD4 T cells: CD4+ CD8- T cells  331 

• CD8 T cells: CD8+ CD4- T cells  332 

• Monocytes (M): CD19-CD3-CD56- 333 

• Classical (CM): CD14+CD16-  334 

• Intermediate (INT): CD14+CD16+  335 

• Nonclassical (NCM): CD14-CD16+CD56-  336 

• NK cells (NK): CD4- CD56+ CD14- CD20- CD123- CD206- 337 

CD3 and CD19 expression are mutually exclusive and specific for T and B cells, 338 

respectively. As is standard in the NK cell field,[31] the CD16- immature NK cells were 339 

gated based on higher levels of CD56 as shown in Figure 1E. The mature NK cells were 340 

CD19-CD3-CD16+CD56+. One CD16+CD56- cluster was also identified as NK cells. 341 

This resulted in 2,919 B cells, 11,045 CD4 T cells, 12,843 CD8 T cells, 5,145 CM, 1009 342 

INT, 475 NCM and 1,843 NK cells. Each of these major cell types was then re-clustered 343 

separately, using Seurat [49] to construct UMAPs with Louvain clustering (Figure 1F). 344 

Like in flow or mass cytometry, we clustered on antibody staining only. This “preserves” 345 

the transcriptomes for investigations into disease- and treatment-related changes. Using 346 

this approach, we identified 16 CD4 T cell subsets, 14 CD8 T cell subsets, 8 CM subsets, 347 
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3 NCM subsets, 5 INT subsets, 6 B cell subsets and 6 NK cell subsets (Figure 1F). The 348 

corresponding feature maps are shown in Figure S2. Trying to find these cell types based 349 

on transcriptomes was unsatisfactory (Figure S3). 350 

 351 

Cell subsets calling using 40 surface markers. Next, we constructed heat maps for all 352 

antibodies that were significantly differentially expressed in at least one subset (Figure 353 

2). This information allowed us to call all CD4 and CD8 T cell subsets in accordance 354 

with published immunology work. Among CD4 T cells, CD2 was expressed in almost all 355 

cells, as expected. The high affinity IL2 receptor IL2RA (CD25) was expressed in about 356 

a third of the CD4 T cells and was strikingly high in cluster 13, which was also low for 357 

IL7 receptor (CD127), defining cluster 13 as regulatory T cells (Tregs). CD45RA and RO 358 

were mutually exclusive, separating naive and antigen-experienced CD4 T cells. CXCR3 359 

(CD183) identifies T-helper-1 (Th1) cells and was highly expressed in clusters 5, 14, and 360 

16. Cluster 14 co-expressed CXCR5 (CD185) with CXCR3. Cluster 7 expressed CXCR5 361 

as the only chemokine receptor, suggesting it may contain follicular helper (TFH) T cells. 362 

Based on surface marker information, all CD4 T cell clusters were called (Figure 2A). 363 

All CD8 T cells expressed CD2. Cluster 3 exclusively expressed CD9 and CD36, 364 

identifying these cells as NK-like CD8 cells. Clusters 7 and 13 were identified as NK-like 365 

T cells with a CD45RA+ terminally differentiated memory (EMRA) phenotype (Figure 366 

2B).  367 

 368 

Among monocytes, we were able to call 5 of the 8 classical monocyte subsets based on 369 

published data.[11] All CM were CD11b+ (Figure 2C). There were gradients of CD9, 370 
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CD69, CD137, CD142 (tissue factor), and CD163 (hemoglobin-haptoglobin receptor) 371 

expression. The scavenger receptor CD36, the antigen presentation co-receptor CD86 and 372 

the chemokine receptor CCR2 were expressed in all classical monocytes. Based on these 373 

markers, 5 of the 8 CM subsets were called (Figure 2C) and related to subsets described 374 

by mass cytometry. INT CD14+CD16+ monocytes have been considered pro-375 

inflammatory and are known to be increased in people with HIV[12] and with CVD.[41, 376 

51] All INT highly expressed the inflammation-induced costimulatory molecule CD86 377 

(Figure 2C). Cluster INT3 highly expressed CD142 (tissue factor), which has previously 378 

been implicated in people living with HIV.[45] Since INT subsets have not been 379 

described before, we propose a provisional naming suggestion (Figure 2C). NCM 380 

formed 3 clusters (Figure 2C). Strikingly, expression of CD9 and CD36 was limited to 381 

cluster 3, suggesting that this cluster corresponds to the previously described 382 

CD9+CD36+ NCM.[11] CD11c, CD74, CD86, and CD141 were expressed in all NCMs 383 

(Figure 2C). 384 

 385 

We were able to call all 6 B cell subsets. As expected, CD20 and CD74 (HLA-DR) were 386 

expressed in all B cells (Figure 2D). CD27, IgM and IgD are used to identify naïve B 387 

cells (CD27-IgM+IgD+). Clusters 1, 3, and 4 were negative for CD27 with high 388 

transcript expression for IgM and IgD, consistent with naïve B cells. Clusters 3 and 4 389 

expressed CCR6, a subset found in HIV+ subjects.[32] B cell cluster 2 expressed CD25, 390 

which is a known marker for B cell proliferation and exhaustion, and CD27, identifying 391 

cluster 2 as a likely activated memory B cell. Cluster 5 had high CD11c levels, known to 392 

increase in HIV-infected subjects,[19] and expressed some CXCR3 and CCR6, but was 393 
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CD27low. These features together with moderate expression of CD22 transcript suggest 394 

that cluster 5 may contain CD11c+ pathologic B cells. (Figure 2D). Most NK cells were 395 

mature (CD56dim/CD16+), as expected (Figure 2E). Cluster 3 also contained immature 396 

(CD56brightCD16-) NK cells. The CD56lowCD16- cells (clusters 4 and 5) expressed CD2 397 

and CD45RA. Cluster 5 was CD56-CD16high, an NK cell subset known to be elevated in 398 

chronic HIV infection.[17] Taken together, this demonstrates the power of combined 399 

antibody and transcriptome sequencing.  400 

 401 

Changes in PBMC subset abundance on disease or treatment. Based on this data, it is 402 

possible to address shifts in cell proportion based on disease or treatment. We found 403 

significant differences in cell proportions in 3 intermediate monocyte subsets, one CD8 T 404 

cell, one B cell and one NK cell subset (Figure 3). Strikingly, three subsets of 405 

intermediate monocytes (Figure 3A) showed significantly different abundances. INT2 406 

(IL7R-) and INT3 (TFhi) were significantly elevated in WIHS participants living with 407 

HIV and drastically reduced in those that also had subclinical CVD. INT4 had an 408 

opposite pattern: These CD163- cells were rare in WIHS participants living with HIV, 409 

but more abundant in those that also had subclinical CVD. Among B cells, activated 410 

memory B2 cells (Figure 3C) were severely lower in all WIHS participants with HIV 411 

with or without subclinical CVD.  412 

 413 

Differential gene expression in each of the clusters. Since the transcriptomic 414 

information was not used for UMAPs and clustering shown in Figures 1 and 2, we were 415 

able to compare the gene expression patterns in each cell subset within the same cell type. 416 
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We filtered for genes that were significantly differentially expressed in at least one of the 417 

subsets (Figure 4, Data S1). This analysis revealed gene signatures for most subsets. 418 

Such gene signatures can then be used to determine the presence of each subset in bulk 419 

transcriptomes, and to determine their proportions using Cibersort.[34] As an example, 420 

we applied the classical monocyte transcriptomes (8 subsets) to bulk transcriptomes of 421 

sorted classical monocytes from 92 subjects.[7] We found 1 of the CM subsets in all 422 

subjects and others at varying proportions (Figure 5). 423 

 424 

Transcriptomes shift with HIV, CVD and cholesterol control. Transcriptomes may 425 

also change with disease state. To test this possibility, we constructed volcano plots (log 426 

fold change on the x axis versus -log p on the y axis (Figure 6, Data S2). To test for 427 

changes with cardiovascular disease (CVD), we plotted genes significantly different 428 

between subjects with and without CVD. All these subjects were HIV+. Many genes in 429 

CD4 and CD8 T cell subsets showed significant differences. Some genes in monocyte 430 

and B cell subsets showed significant differences. To test whether our method could 431 

detect effects of treatment, we interrogated transcriptomes of subjects with CVD that 432 

received CRT. Again, many genes in T cell and monocyte subsets and some in B cell 433 

subsets showed significant differences subjects (Figure 6). In CD4T1, 2, and 8, IL-32 434 

was highly significantly increased by CVD, but not in CVD+ women on CRT (Figure 6). 435 

IL-32 is an inflammatory cytokine that is known to be important in CVD.[6, 21] In 436 

CD4T2, L-selectin (SELL), PSGL-1 (SELPLG), and CCR7 were also highly significantly 437 

increased in WIHS participants with HIV and CVD. In addition to SELL and SELPLG, 438 

CD4T8 showed strong upregulation of TNFSF10 (TRAIL). In CD8T1 and 2, IL32 was 439 
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high in women with CVD, but less so in women receiving CRT. Other genes highly 440 

induced by CVD in CD8T1 included CD52, TRAC and HOPX. Several killer cell lectin 441 

receptors (KLRC4, KLRD1, KLRG1 and KLRK1) were also significantly upregulated in 442 

CVD. In CD8T3, CD52, CCL5, IL32 and CD160 were all significantly higher in CVD+ 443 

participants. CCL5 encodes the chemokine RANTES, known to be important in 444 

atherosclerosis.[54] In CD8T4, CVD was associated with significantly increased IL32, 445 

TRAC, HOPX, CCL5 and the killer lectin receptors KLRK1, KLRC4, KLRD1. 446 

 447 

In CM1, CVD was associated with significantly increased CCL4, SLC2A3, SOD2, and 448 

SELPLG. CRT was associated with lower expression of these genes. In CM2, TNF, 449 

DUSP1, and 2 were highly associated with CVD (Figure 6), as were TNFSF10 (TRAIL), 450 

TNFSF13 (APRIL), and TNFSF13B (BAFF), important B cell regulators. In addition to 451 

CCL3, CCL4, and DUSP2, IL1B, known to be highly relevant in atherosclerosis, was 452 

highly upregulated in CM3 of HIV+CVD+ participants. The Toll-like receptor TLR2, 453 

which is known to be involved in atherosclerosis, was upregulated by CVD in CM3. In 454 

INT3, CCL3, CCL4, TNF, IL1B, and DUSP2 were associated CVD in the participants 455 

that did not receive CRT. 456 

 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 
 466 
 467 

 468 
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Discussion 469 
 470 

In immunology, surface markers are widely used to define and distinguish cell types.[5, 471 

47, 57] Flow cytometry is the discipline-defining method of immunology.[40] Similar to 472 

flow cytometry, in CyTOF, single-cell suspensions are stained with antibody panels to 473 

detect cellular antigens. Unlike CyTOF, scRNA-seq allows the detection of single-cell 474 

transcriptomes. Since the correlation between cell surface protein and mRNA expression 475 

is weak in immune cells[25], the transcriptome provides a valuable additional dimension. 476 

scRNA-Seq without surface phenotype information has led to much frustration in the 477 

field, because the expression of many genes encoding well-known surface markers 478 

remains undetected in scRNA-Seq.[27, 57] It is still difficult to call cell types based on 479 

gene expression data alone, which emphasizes the need for cell surface phenotypes in 480 

addition to transcriptomes. Here, we correlated gene expression with cell surface 481 

expression for 41 pairs of genes and proteins. CD74 surface expression was well 482 

correlated with the expression of both the CD74 and the HLA-DRA genes. CD4 and 483 

CD16 surface and gene expression were reasonably well correlated across all cell types. 484 

A few other genes including CD14, CD16, IL-3 receptor (CD123), and CD27 were 485 

somewhat correlated with the surface expression of their proteins in some cell types. For 486 

most markers, we confirm weak correlations,[25] which illustrates the value of 487 

monitoring cell surface phenotype in scRNA-Seq.  488 

 489 

PBMCs can be analyzed without mechanical or enzymatic dissociation, which are known 490 

to alter cell surface markers and transcriptomes.[56] PBMC are attractive for single cell 491 

RNA sequencing (scRNA-Seq) studies, because they are available in many clinical 492 
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studies of specific populations with defined diseases and outcomes. The participants 493 

sampled for the present study were part of a sub-study nested within the WIHS,[13, 16, 494 

18] which provided detailed information on subclinical atherosclerosis. Participants 495 

underwent high-resolution B-mode carotid artery ultrasound to image six locations in the 496 

right carotid artery.[16] Although our study is not definitive, it is suggestive of significant 497 

changes in cell proportions and transcriptomes in subjects with cardiovascular disease. 498 

 499 

scRNA-Seq has been applied to human PBMCs in diseases including cancers,[3, 60–62] 500 

inflammatory bowel disease,[30, 53] and autoimmune disease,[22, 38] as well as 501 

atherosclerosis.[9, 58] The foundational paper for the 10x Genomics drop-Seq 502 

method[63] demonstrated the feasibility of using scRNA-Seq on PBMCs. Other studies 503 

reported scPBMC transcriptomes in colorectal cancer,[61] γδ T cells,[36] liver 504 

cancer,[62] in vitro salmonella infection,[2] and memory T cells.[28] Only two 505 

publications reported single cell transcriptomes from patients with atherosclerosis 506 

(carotid endarterectomy specimens and matched PBMCs).[9, 58] 1,652 PBMCs from one 507 

patient were analyzed by 10x Genomics 3’ and cellular indexing of transcriptional 508 

epitope sequencing (CITE-Seq),[35, 48] using a panel of 21 antibodies. No healthy 509 

control PBMCs were studied. ScRNA-Seq revealed that the process of smooth muscle 510 

cell phenotypic modulation in vivo can be altered by the expression of Tcf21, a gene 511 

causally associated with reduced risk of coronary artery disease. The loss of Tcf21 results 512 

in fewer fibromyocytes in the lesions and the protective fibrous cap.[58] A recent study 513 

reported the effect of HIV infection on PBMC transcriptomes,[20] focusing on acute HIV 514 

infection (before antiretroviral therapy started) and reporting PBMC transcriptomes in 515 
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four patients at 8 defined time points (average of 1,976 PBMC transcriptomes per 516 

participant and condition). No scRNA-Seq or CITE-Seq studies of PBMCs of people 517 

living with chronic HIV infection have been reported. No single cell studies of the 518 

interaction between HIV and CVD are available. 519 

 520 

Six clusters showed significantly different abundance of cells in the four groups of 521 

participants, three of them intermediate monocyte subsets, which underscores the 522 

extraordinary importance of this cell type in chronic HIV infection[14, 29] and CVD.[10, 523 

24] Intermediate monocyte numbers have previously been found increased in non-HIV 524 

subjects with peripheral artery occlusive disease[55] and significantly predicted 525 

cardiovascular events.[15, 41, 42] Cells in INT1, the largest cluster, shared CD11b, 526 

CD11c, CD9, CD36, CD38, CD56, CD69, CD83, IL-3RA, IL6R, CD137, CD141, 527 

CD142 (tissue factor), CXCR4 and CD74 (HLA-DR) with other intermediate monocytes. 528 

We found no single positive marker that was specific for INT1 and thus refrained from 529 

naming this cluster. We found the INT2 and INT3 increased in women living with HIV. 530 

Both express tissue factor (CD142). Tissue factor expression on monocytes has 531 

previously been shown to be increased in HIV+ subjects.[45] Intermediate monocytes are 532 

considered pro-atherogenic,[44] and tissue factor expression provides a plausible reason 533 

for this. We found that in INT2 and INT3, the inflammatory chemokines CCL3 and 534 

CCL4 and the known pro-atherogenic cytokine IL-1β were significantly upregulated in 535 

participants with CVD, but not in those receiving CRT. INT4 uniquely lack expression of 536 

CD163, the receptor for hemoglobin-haptoglobin complexes. Thus, we call INT4 CD163- 537 
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intermediate monocytes. INT5, called (CTLA4+CXCR3hi) uniquely expressed CTLA4 538 

(CD152) and highly expressed CXCR3.  539 

 540 

In CD4T cells clusters 1, 2 and 8, IL-32 was highly significantly increased by CVD, 541 

which was reversed by cholesterol lowering in CD4T1 and 2 (Figure 6). IL-32 is a 27 542 

kDa cytokine expressed in T cells and monocytes that is secreted after apoptosis.[33] It is 543 

an inflammatory cytokine that drives IL-1β, clinically important in CVD,[39] TNF, IL-6 544 

and IL-8 expression.[6, 21, 33] IL-32 activates the leukocyte surface protease PR3, which 545 

in turn triggers the G-protein coupled receptor PAR2[33] and is known to be important in 546 

viral infections.[23, 33, 37, 46] We found IL-32 highly expressed in most T and NK cell 547 

clusters. Since IL-32 appears to be CVD-specific, we advocate for future prospective 548 

studies in larger cohorts to determine whether IL32 mRNA is a useful biomarker. 549 

 550 

Our discovery study will encourage prospective epidemiological studies to address which 551 

PBMC subset and transcriptomes are best suited as clinical biomarkers to stratify risk and 552 

guide treatment in subjects with coronary or peripheral artery disease. The current 553 

findings also present some limitations. They need to be extended to men (the current data 554 

is based on women) and other races and ethnicities (the current data is based on mostly 555 

African American and Hispanic women). Studies of CVD in non-smokers are also 556 

needed (the current data is based on smokers), and the age range needs to be broadened.  557 

 558 

In conclusion, we demonstrate the utility of scRNA-Seq with cell surface phenotype 559 

assessment in the same cells.  The identification of 58 distinct clusters of CD4 and CD8 T 560 
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cells, B cells, NK cells and monocytes helps to gain a deeper understanding of PBMCs, a 561 

rich and readily accessible source of biological and clinical information. The discovery of 562 

subsets of intermediate monocytes calls for identifying such subsets in model organisms 563 

to test their function in vivo.   564 

 565 

 566 
 567 
 568 
 569 
 570 
 571 
 572 
 573 
 574 
  575 
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PBMCs from 32 WIHS participants were hash-tagged and stained with 40 883 

oligonucleotide-tagged mAbs (Table S3). (B) B cells were defined as CD19+CD3- and T 884 

cells as CD19-CD3+. (C) T cells were identified as CD4 (CD4+CD8-) or CD8 (CD4-885 

CD8+). (D) All CD19-CD3- cells were gated for CD14 and CD16, with CD14+CD16- 886 

cells being classical (CM) and CD14+CD16+ being intermediate (INT) monocytes. (E) 887 

The CD14-CD16+ cells from panel D contain NK cells, which were identified by CD56 888 

and defined as CD56+CD14-CD20-CD123-CD206-. Most of the remaining CD56-889 

CD16+ cells were nonclassical monocytes (NCM). (F) The major known cell types were 890 

UMAP-Louvain-clustered by CD3, CD19, CD14, CD16, and CD56 surface expression 891 

(central panel). Then, each major known cell type was UMAP-Louvain-clustered by all 892 

non-negative surface markers. CD4 T cells formed 16 clusters, cluster numbers indicated; 893 

CD8 T cells formed 14 clusters; Classical monocytes (CM) formed 8, Intermediate 894 

monocytes (INT) 5, and Nonclassical monocytes (NCM) 3 clusters. B cells and NK cells 895 

formed 6 clusters each.  896 
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Figure 2. Heatmaps of antibody expression (log2 scale) in each main cell type. 906 

 907 
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(A) CD4 T cell, (B) CD8 T cell, (C) Monocytes, (D) B cells, and (E) NK cells. 910 

Immunophenotypes at the bottom. EM, effector memory; EMRA, terminally 911 

differentiated effector memory; CM, Classical Monocyte; INT, Intermediate Monocyte; 912 

NCM, Nonclassical Monocyte. 913 
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Figure 3. Cell proportions in women with HIV, CVD, both or neither.  915 

 916 

HIV-CVD- (green), HIV+CVD- (yellow), HIV+CVD+ (blue), and HIV+CVD+ on CRT 917 

(red), from left to right. 8 samples per group except 7 for HIV+CVD+. Proportions of 918 

cells in each cluster calculated as percentage of the parent cell type as indicated in the 919 
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title of each panel. Clusters with significant differences (*, p<0.05, **, p<0.01, *** 920 

p<0.001) in cell proportions (by log odds ratio) are shown with individual data points, 921 

means and standard error of the mean (SEM). Violin plots below show expression of all 922 

40 cell surface markers (log2 scale). INT, intermediate monocytes; CRT, cholesterol-923 

reducing treatment. 924 
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Figure 4. Significantly differentially expressed genes of cells in each cluster.  926 
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Expression of 485 transcripts was determined by targeted amplification (BD Rhapsody 928 

system). Significant genes defined as adjusted p<0.05 and log2 fold change >0. Dot plot: 929 

fraction of cells in cluster expressing each gene shown by size of circle and level of 930 

expression shown from white (=0) to dark blue (=max, log2 scale). Red bars indicate 931 

genes that were significantly higher in one cluster compared to all other clusters of the 932 

parent cell type. There were no DEGs in NK cell clusters. (A) CD4 T cells, (B) CD8 T 933 

cells and (C) monocytes. CM, Classical monocytes; INT, Intermediate monocytes; NCM, 934 

Nonclassical monocytes; EM, effector memory; EMRA, terminally differentiated effector 935 

memory. 936 
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Figure 5. Cell proportions of classical monocyte subsets. 938 

 939 

Cell proportions of classical monocytes (CMs, CM1-8) from the present dataset in 92 940 

samples of classical monocyte transcriptomes in women with HIV, CVD, both or 941 

neither.[7] CM, classical monocyte; CRT, cholesterol-reducing treatment. 942 
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Figure 6. Volcano plots comparing gene expression in single cells from WIHS 943 

participant types in each cluster. 944 
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Gene expression focused on HIV+CVD- vs HIV+CVD+, and HIV+CVD+ vs 947 

HIV+CVD+ with CRT. All clusters in which at least 10 genes were statistically 948 

significant are shown. Colored dots (HIV+CVD- yellow, HIV+CVD+ blue, and 949 

HIV+CVD+ with CRT red) indicate significantly differentiated expressed genes 950 

(FDR<0.05 and |log2FC|>2). 3 CD4 T and 7 CD8 T cell clusters, 5 CM and 1 each INT 951 

and B cell clusters met these criteria. Dashed line indicates adjusted p-value of 0.05. CM, 952 

Classical monocytes; INT, Intermediate monocytes. 953 
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