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Abstract

An increased risk of cardiometabolic disease accompanies persistent systemic inflammation.
Yet, the innate and adaptive immune system features in persons who develop these conditions
remain poorly defined. Doublets, or cell-cell complexes, are routinely eliminated from flow
cytometric and other immune phenotyping analyses, which limits our understanding of their
relationship to disease states. Using well-characterized clinical cohorts, including participants
with controlled HIV as a model for chronic inflammation and increased immune cell interactions,
we show that circulating CD14" monocytes complexed to CD3" T cells are dynamic, biologically
relevant, and increased in individuals with diabetes after adjusting for confounding factors. The
complexes form functional immune synapses with increased expression of proinflammatory
cytokines and greater glucose utilization. Furthermore, in persons with HIV, the CD3"T-cell:
CD14"monocyte complexes had more HIV copies compared to matched CD14" monocytes or
CD4" T cells alone. Our results demonstrate that circulating CD3*T-cell:CD14"monocyte pairs
represent dynamic cellular interactions that may contribute to inflammation and cardiometabolic
disease pathogenesis and may originate or be maintained, in part, by chronic viral infections.
These findings provide a foundation for future studies investigating mechanisms linking T cell-
monocyte cell-cell complexes to developing immune-mediated diseases, including HIV and

diabetes.
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Introduction

Chronic inflammation is linked to diseases like diabetes and atherosclerosis, which can worsen
in people living with HIV (PLWH) due to elevated cytokine and chemokine levels despite
antiretroviral therapy (ART) (Alcaide et al., 2013; Bailin et al., 2022; Bailin et al., 2020; Grome et
al., 2017; Kundu et al., 2022; Temu et al., 2020; Temu et al., 2021; Wanjalla, Mashayekhi, et al.,
2021). Traditional analysis of immune cells using flow cytometry often misses interacting cell
populations, dismissing cell aggregates as artifacts of sample processing (Hsue & Waters,
2019). However, recent evidence suggests the presence of significant immunologically relevant
cell-cell complexes in various disease states, including tuberculosis and after vaccination with
immunogenic vaccines such as the yellow fever vaccine (Burel et al., 2019; Gil-Manso et al.,
2021) (Sivakumar et al., 2021). Importantly, these cell-cell complexes are not artifactual from
cryopreservation of peripheral blood mononuclear cells (PBMCs), with a strong correlation
between these complexes from fresh and cryopreserved samples (Burel et al., 2019). However,
none of these studies have shown an association between cell-cell complexes and metabolic
disease. Our study investigates these complexes in the context of controlled HIV, using it as a
model to understand chronic immune activation's effects on diseases like diabetes and

cardiovascular disease.

Methods

Study Participants

All PLWH included in this study were previously recruited for the HIV, Adipose Tissue
Immunology, and Metabolism cohort at the Vanderbilt Comprehensive Care clinic. The cohort
has individuals without diabetes (hemoglobin Alc [HbAlc] <5.7% and fasting blood glucose
[FBG] <100 mg/dl), with prediabetes (HbAlc 5.7-6.4% and/or FBG 100-125 mg/dl), and
diabetes (HbAlc 26.5%, FBG=126 mg/dl and/or on medications to treat diabetes). All PLWH

were on ART with sustained viral suppression for at least 12 months before the study, with a
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94  CD4" T cell count > 350 cells/ml (Table S1). The cohort excluded individuals with inflammatory
95 ilinesses, substance abuse, greater than 11 alcoholic drinks per week, and active hepatitis B/C.
96 The study is registered at ClinicalTrials.gov (NCT04451980) (Wanjalla, Mashayekhi, et al.,
97 2021). The second cohort has ten adults without HIV who were enrolled in an ongoing study to
98 understand the role of immune cells in aging and cardiovascular disease (CVD) (Table S2). All
99  studies were approved by the Vanderbilt University of Medicine Institutional Review Boards.

100 Participants provided written informed consent. The investigators carried out studies using the

101  United States Department of Health and Human Services guidelines.

102

103 Sex as a biological variable

104  Our study examined males and females and similar parameters and measured and reported for

105 both sexes.

106

107 Mass cytometry

108 Mass cytometry was conducted on cryopreserved PBMCs using a validated 37-marker antibody

109 panel (Table S3). PBMCs were stained for live/dead cells with Cisplatin, surface markers with a

110 master mix, and fixed in paraformaldehyde (PFA). Post-fixation, cells were stored in methanol at

111  -20°C, later stained with intracellular markers for 20 minutes at room temperature, followed by

112  the addition of 2ul (250nM) of DNA intercalator (Ir) in phosphate-buffered saline (PBS) with

113 1.6% PFA. Just before running and analyzing the samples on the mass cytometer, we washed

114  the cells in PBS, followed by Millipore water. For analysis, we resuspended 500,000 cells/ml of

115  Millipore water. */1 volume of equilibration beads were added to the cells, which we then filtered

116 and analyzed on the Helios. FCS files from the Helios cytometer were bead-normalized using

117 the premessa R package's normalizer GUI method (Gherardini, 2022). FCS files were analyzed

118 in Flowjo to clean the data of debris (DNA-), Fluidigm beads (175++165++), and dead cells

119 (cisplatin®). Data gating was performed using Flowjo (Figure S1), followed by downstream
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120 analysis in R programming language (version 4.2.1) and the flowCore package (Ellis B, 2022).
121  We downsampled all samples and processed them through the following workflow: Subset
122  parameters were transformed using the function asinh(x/5). A nearest neighbor search
123 produced a weighted adjacency matrix with several nearest neighbors set to the dimension of
124  subset + 1. (Arya S, 2019) The Leiden community detection algorithm was used to cluster the
125 adjacency matrix. (Kelly, 2020) Uniform Manifold Approximation and Projection (UMAP) was
126  done for subset visualization using the uwot R package (J, 2022).

127

128 Tracking Responders Expanding populations (T-REX) and Marker Enrichment Modeling
129 (MEM) of enriched features

130 The T-REX algorithm was performed as published (Barone et al., 2021). In brief, we classified
131 cells of interest measured using mass cytometry including CD45" cells, CD3" CD4" T cells,
132 CD3" CD8' T cells, CD3" CD19 HLA-DR" monocytes, and CD3" CD56" CD16" NK cells. UMAP
133 analyses were performed for concatenated non-diabetic participants (group 1) and
134  prediabetic/diabetic participants (group 2). This was followed by K nearest neighbor (KNN)
135 analyses to search for the nearest neighbors for each cell. The difference in the percent change
136 per cell between group 1 and group 2 is calculated based on the abundance of these cells in
137 each group in the KNN region. <5% and =95% changes in cell percentages were considered
138 significant, which we clustered using Density-Based Spatial Clustering of Applications with
139 Noise (DBSCAN). The phenotype of the clusters that were significantly different between the
140  groups was determined using the MEM package.

141

142  Flow cytometry

143 PBMCs were stained with fluorescently tagged antibodies as previously published (Wanjalla et
144  al., 2019). In brief, thawed and washed PBMCs were stained with Aqua (Live/Dead marker) for

145 10 minutes at room temperature, followed by the addition of a mastermix of fluorescently tagged
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146  antibodies (Table S2, BD Aria). Stained cells were analyzed using a four-laser BD FACS ARIA
147 1l with a cell sorter. The two-dimensional gates used to sort CD3'T-cell: CD14"monocyte
148 complexes are shown (Figure S2A, supplemental Table S3). The stained PBMCs were
149 resuspended in PBS with RNAlater to stabilize the RNA (ThermoFisher #AM7022). Single-cell
150 indexed sorting was done using a 100uM nozzle to sort CD3"T-cell: CD14"monocyte complexes
151 as a single entity into each 96 well plate as previously published (Wanjalla, McDonnell, et al.,
152  2021b). For bulk sequencing, we performed a 4-way sort through a 100uM nozzle into four
153 1.5ml Eppendorf tubes (CD4'T-cells, CD8T-cells, CD14" monocytes and CD3'T-cells:
154  CD14"monocyte complexes).

155

156 Single Cell ENergetlc metabolism by profiling Translation inhibition (SCENITH) Assay
157 PBMCs were prepared for SCENITH as published (Argiello et al., 2020). We added the 10ul of
158 inhibitors (oligomycin [1.5uM], 2DG [100mM], 2DG + Oligomycin) to the cells. Media only was
159 included as a control. All samples were then incubated at 37°C for 30 minutes. We then added
160  puromycin (10uM) to each condition (PBMCs with inhibitors) and incubated the PBMCs at 37°C
161 for 45 minutes. After this, we washed the PBMCs in PBS, stained them with surface antibodies
162 against CX3CR1 and CCR7, and stained them at 37°C for 15 minutes. The cells were then
163 incubated with the master mix containing the other surface markers (Cytek antibodies, Table
164  S2) for 20 minutes at room temperature. The cells were fixed with 4% PFA for 15 minutes at
165 room temperature. We added 0.1% triton permeabilization solution and incubated the cells for
166 15 minutes. Anti-puromycin in permeabilization buffer was added to the cells for 15 minutes at
167 room temperature. Cells were then washed and resuspended in PBS for analysis with Cytek
168  Aurora.

169

170 Droplet digital PCR
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171  We sorted CD3" CD4" T cells, CD14" monocytes, and CD3" CD14" T cell-monocyte complexes
172 into separate Eppendorf tubes with PBS. Cells were pelleted and resuspended in lysis buffer
173  [Tritonx100 (0.1%), Tris HCL (10mM), and Proteinase K (400ug/ml)] at 55°C for 10 hours.
174  Additional proteinase K was added during the heat inactivation stage at 95°C for 5 minutes. For
175 HIV DNA quantitation, we used LTR primers (forward primer -LTR 5-AGC ACT CAA GGC AAG
176 CTT TA-3’, and reverse primer -LTR 5’-TGT ACT GGG TCT CTC TGG TTA G-3’, and probe 5'-
177 FAM-GCA GTG GGT TCC CTA GTT AGC CAG AGA G-3IABKkFQ-3’) (Abana et al., 2017). HIV
178 transcripts were quantified as copies/million cells. 19ul of the ddPCR SuperMix (LTR primers &
179 RPP30 housekeeping gene primers and probes), and 6ul of cell lysates were mixed and
180 aliquoted per well (96-well twin tec plate) and droplets generated with an AutoDG. Droplets
181 were read using a plate reader, and the positive droplet threshold was manually set using the
182  negative droplet control (media only).

183

184 Time-lapse imaging

185 CD3" CD14" T cell-monocyte complexes were sorted as above and resuspended in RPMI with
186 10% fetal bovine serum (FBS). The cells were then plated on poly-L-Lysine pre-coated
187  coverslips at a density of 15,000-40,000 complexes per 100ul media. The cells on the coverslip
188 were placed in a 24-well plate, and time-lapse imaging was captured using an EVOS M5000
189 imaging system. Image J Version 1.53t 24 August 2022 was used for image analysis.

190

191 Single-cell T-cell receptor (TCR) sequencing

192  Single-cell TCR sequencing involved sorting CD3" CD14" T cell-monocyte complexes, storing
193 them at -80°C, and using uniquely tagged primers for reverse transcription (Wanjalla,
194  McDonnell, et al.,, 2021a). cDNA amplification was performed with KAPA HiFi HotStart

195 ReadyMix (Roche, Basel, Switzerland) (Grin, Kester, & van Oudenaarden, 2014; Islam et al.,
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196 2014; Kivioja et al., 2011). TCR gene expression was quantified via UMIs and nested PCRs
197 targeting TCRap genes. After pooling and purifying the products, indexed sequencing libraries
198 were created using Truseq adapters and quantified with the Jetseq gPCR Library Quantification
199 Kit (Meridian Biosciences Inc., OH, USA). Samples were sequenced on an lllumina MiSeq with
200 paired-end reads, quality-filtered, and demultiplexed. Reads were assigned to TCRA and TCRB
201 loci and TCR clonotypes using MIXCR software (Bolotin et al., 2015), with data visualization by
202 VGAS (Hertzman et al., 2021).

203

204 Transmission electron microscopy (TEM)

205 CD3" CD14" T cell-monocyte complexes, CD3" T cells, and CD14" monocytes were sorted as
206 above. For day 3 samples, we added RPMI media supplemented with human IL-2 [10ng/mL].
207  The cells were plated on a poly-L-lysine coated coverslip for 1-2 hours for doublet imaging.
208 When the cells were bound to the coverslip, the media was aspirated, and then the cells were
209 fixed with 2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer (Neikirk et al., 2023).
210  After secondary fixation, samples were washed for five minutes with 0.1 M sodium cacodylate
211  buffer (7.3 pH). Followed by two five-minute washes with diH,O. While keeping all solutions and
212  plates at room temperature, the samples were incubated with 2.5% uranyl acetate, diluted with
213 H,0, at 4 °C overnight. The samples were dehydrated using an ethanol gradient series. After
214  dehydration, the ethanol was replaced with Eponate 12™ mixed in 100% ethanol in a 1:1
215 solution, then incubated at room temperature for 30 mins. This was repeated three times for 1
216  hour using 100% Eponate 12™. The plates were finally placed in new media and cured in an
217 oven at 70 °C overnight. The plates were cracked upon hardening, and the cells were separated
218 by submerging the plate in liquid nitrogen. An 80 nm thickness jeweler's saw was used to cut
219 the block to fit in a Leica UC6 ultramicrotome sample holder. The section was placed on

220 formvar-coated copper grids counterstained in 2% uranyl acetate for 2 mins. Then, the grids
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221  were counterstained by Reynold’s lead citrate for two minutes. TEM acquired images on either a
222  JEOL JEM-1230, operating at 120 kV, or a JEOL 1400, operating at 80 kV (Lam et al., 2021).
223

224  Single-cell RNA (scRNA) sequencing

225 PBMCs were thawed, washed with PBS, and incubated with Fc receptor-blocking solution.
226  Surface antibody staining was performed (CD3 clone UCHT1 #300479, CD4 clone SK3
227  #344651, CD8a clone SK1 #344753, CD14 clone 63D3 #367137, CD16 clone 3G8 #302065,
228 CD69 clone FN50 #310951), followed by encapsulation and barcoding using the Chromium
229 Single Cell 5" assay. Library preparation, cDNA amplification, and sequencing were done,
230 aligning reads to the human genome. Cell identification and downstream analyses, including
231 feature selection, PCA, and UMAP, were executed using Seurat V4 (Hao et al., 2021). Cells
232  with abnormal gene or mitochondrial counts were filtered out. DoubletFinder identified doublets
233  for exclusion. Differential gene expression analysis was conducted on sorted cell populations
234  using WebGestalt (WEB-based Gene SeT Analysis Toolkit) (Wang, Duncan, Shi, & Zhang,
235  2013).

236

237  Statistical analysis

238 This cross-sectional study establishes whether T cell-monocyte complexes are associated with
239 metabolic disease variables and outcomes in PLWH. We reported summary statistics of clinical
240 demographic characteristics using medians and interquartile ranges. Wilcoxon test was used to
241 examine differences for continuous variables, and Pearson chi-squared test was used for
242  categorical variables. We selected partial Spearman correlation for analysis because it is less
243  sensitive to outliers. We used a nonparametric test, partial Spearman’s correlation analysis, to
244  test the relationship between T cell-monocyte complexes and clinical variables, including
245  hemoglobin A1C, fasting blood glucose, high-density lipoprotein (HDL), low-density lipoprotein

246  (LDL), triglycerides, coronary arterial calcium, and fat volume (pericardial, subcutaneous, and

10
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247  visceral). We adjusted for possible confounders that could influence the relationship between
248 the immune complexes and the outcomes. These included age, sex, and body mass index
249 (BMI). We selected partial Spearman correlation because it is less sensitive to outliers.
250 Similarly, we used partial Spearman’s correlation analysis to test the relationship between T
251 cell-monocyte complexes and plasma cytokines. We adjusted for possible HIV-related
252  confounders that could influence the immune complexes' relationship with the plasma cytokines.
253 These included CD4:CD8 ratio, hemoglobin A1C, and duration of years on ART.

254  Other statistical analyses comparing two continuous variables were performed using the Mann-
255  Whitney U and Kruskal-Wallis tests, where more than two variables were compared. Statistical
256 analysis in this study was performed in Graph Pad Prism version 9.5.0 and R version 4.2.1.
257  Details of transcriptomic analysis above under single-cell sequencing.

258

259 Data and code availability

260 Gene expression data from this study have been deposited in the NIH Gene Expression
261  Omnibus (GEO) accession numbers: GSE229707 and GSE230276. Requests for further details
262  on protocols and data included in this study are available upon request from the lead contact,
263 celestine.wanjalla@vumc.org.

264

265 Results

266 Characteristics of PLWH

267  The HIV cohort comprised 38 individuals on ART with long-term suppression of plasma viremia:
268 14 without diabetes and 24 with prediabetes or diabetes (Table S1). Details of the cohort and
269 clinical visit procedures were previously published (Wanjalla et al., 2019). In downstream
270 analysis, PLWH with prediabetes and diabetes were combined into a single metabolic disease
271 group. The characteristics of the groups were largely similar, except for parameters linked to

272  glucose intolerance that we have highlighted and adjusted for in downstream analysis. These

11
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273 include body mass index (p<0.05), waist and hip circumference (p<0.05, p=0.01 respectively),
274  and fasting blood sugar (p<0.001). Glucose-tolerant individuals were younger by about 10 years
275 of age (p=0.1). There were no notable differences observed in HIV-related laboratory values
276 (CD4 at ART start, CD4 at T cell enrollment, current ART, duration on ART, and hepatitis C
277  antibody status. Cell-associated DNA and RNA were higher in PLWH without diabetes but not
278 statistically significant (p=0.1). Similarly, visceral fat volume was higher with glucose intolerance
279  but insignificant (p=0.1). Lastly, 33% of PLWH with diabetes had coronary arterial calcium
280 (CAC), while none of the participants without HIV had CAC (p=0.02). The differences between
281 PLWH with and without glucose intolerance included known risk factors associated with
282  metabolic disease, including age, BMI, hip/waist circumference, fasting blood glucose, and CAC
283 prevalence.

284

285 Circulating cells of the innate and adaptive immune system differ by metabolic health

286 Mass cytometry examined immune cells in cryopreserved PBMCs of all PLWH (Figure S1A).
287  We identified six primary clusters, including CD4" T cells, senescent/cytotoxic CD4" T cells
288 (Wanjalla et al., 2019), CD8" T cells, monocytes, B cells, and NK cells (Figure 1A). A
289  comparison of clusters (abundance/size differences) between PLWH with diabetes/prediabetes,
290 and those without revealed several clusters in participants with glucose intolerance that were
291 fewer in PLWH without diabetes depicted with the red dotted circles, all p<0.05 (Figure 1B,
292  Figure S1B). Other cell types that were more abundant in PLWH without diabetes included
293  classical monocytes and CD14" CD16" Monocytes (Table S4). The heatmap in Figure 1C
294  represents the median relative expression of immune markers on clusters and the median fold
295  difference in cluster sizes. Magenta clusters were more abundant in prediabetic/diabetic PLWH,
296 whereas CD4 T regulatory cell cluster marked with a blue oval was more abundant in non-
297  diabetic PLWH. CGC" CD4" T cells, a population we have previously reported as associated

298 with metabolic and cardiovascular disease conditions in controlled HIV, were also increased
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299  with diabetes (Wanjalla, Mashayekhi, et al., 2021; Wanjalla et al., 2019; Wanjalla, McDonnell, et
300 al., 2021b). As previously published, we calculated the association constant between T cells/B
301 cells and monocytes for the cell-cell complex clusters (Burel et al., 2019). To calculate the
302 constant, we divided the proportion of the cell-cell complex by the proportion of T cells multiplied
303 by the proportion of monocytes as published (Figure 1D).

304

305 T cell-monocyte complexes are increased with glucose intolerance

306 T-REX workflow, an unbiased machine learning approach, was used to visualize distinct cell
307 populations based on diabetes status and marker enrichment modeling (Barone et al., 2021;
308 Diggins, Greenplate, Leelatian, Wogsland, & Irish, 2017). The UMAP displays clusters that differ
309 between non-diabetic (blue) and prediabetic/diabetic (red) PLWH (Figure 2A). All cell-cell
310 complex clusters, except for cluster 3, remained significantly higher in PLWH with diabetes
311 (Figure 2B). The expression of CD14" in clusters outside of the monocyte population was
312 confirmed, and other markers like FOXP3 and CTLA4 defined the clusters with cell-cell
313 complexes (Figure 2C). Due to their larger proportion, we focused on CD3+T-cell:
314 CD14+monocyte complexes (Figure 1C). Additional studies using flow cytometry validated
315 these complexes (Figure S2A). Notably, CD3 and CD14 markers were sufficient to help define
316 the T cell-monocyte complexes (Figure 2Di-iv).

317

318 We sorted CD14" monocytes, CD3'CD4'T cells, and CD3'T-cell: CD14"'monocyte complexes
319 and used light microscopy to image the cells. Compared to CD14" monocytes alone, the
320 complexes had a higher proportion of cells with presumed immunological synapses due to the
321  proximity of cells and flattening at the connecting points (Figure 2E). In longitudinal analysis,
322  the proportion of CD3" CD14" complexes increased significantly from the first to second visit in
323 non-diabetic PLWH (Figure 2F). Finally, we analyzed CD3"T-cell: CD14"monocyte complexes

324  among the 6 PLWH compared with six HIV-negative individuals with diabetes (Figure S2A-C).
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325 We observed that metabolic syndrome, regardless of HIV status syndrome, was associated with
326 the formation of these cell-cell complexes (Figure S2D).

327

328 T cell-monocyte complexes in PLWH are positively associated with fasting blood glucose
329 and hemoglobin A1C

330 Based on the observed differences in CD3'T-cell: CD14"monocyte complexes by diabetes
331 among PLWH, we posited that the cell-cell complexes may be important in glucose intolerance
332 and influenced by factors associated with metabolic disease. To this end, we used partial
333  Spearman rank correlation analysis to assess whether circulating cell-cell complexes identified
334 by mass cytometry (Figure 1) were associated with fasting blood glucose and hemoglobin A1C.
335 We adjusted for age, sex, and BMI, two of which were different between PLWH with and without
336 glucose intolerance (Table S1). CD8" T cell-CD14" monocyte complexes were associated with
337 fasting blood glucose and hemoglobin. CD4" T cell-CD14" monocyte complexes were positively
338  associated with hemoglobin A1C and triglycerides (Figure 3A).

339

340 Systemic inflammation is associated with an increased risk of metabolic disease (Hotamisligil,
341 2006). PLWH on antiretroviral therapy have elevated levels of plasma cytokines at baseline
342  compared to persons without HIV. Among the 38 participants with HIV in this study, there were
343 no differences in select plasma cytokines by metabolic group (Table S5). T cell-monocyte
344  complexes were negatively correlated with circulating CD4" T regulatory cells (Figure 3A) and
345 plasma IL-10 (Figure S3). The negative correlation between T cell-monocyte complexes and
346 circulating CD4" T regulatory cells and IL-10 was modulated by blood glucose levels as
347 determined by hemoglobin A1C as an interaction term (Figure 3B-C). This indicates a
348 diminished impact of IL-10 and CD4" T regulatory cells on cell-cell complex formation as

349 glucose increases. Overall, this suggests that there may be a greater tendency for complex
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350 formation with metabolic disease, yet the specific roles of the varied immune cells within these
351 complexes remain undetermined.

352

353 T cell-monocyte pairs form stable and dynamic complexes with HIV

354  Time-lapse imaging (=5 hours) revealed dynamic T cell-monocyte interactions (Figure 4A-B,
355 Video 1-2), with some forming stable complexes (Figure 4C, D) and others transient (Figure
356 4E). Control experiments with CD3" singlet T cells and CD14" singlet monocytes showed no
357  complex formation (Video 3). We sorted CD3"T-cell: CD14 monocyte complexes and used TEM
358 to view the interactions. T cells (~7-12um with large nuclei) and monocytes (15-18 um) were
359 identified by morphology (Figure 4F-i, ii) (Hossler, 2014; Pavathuparambil Abdul Manaph et al.,
360 2023). We also detected 100nm viral-like particles in these complexes (Figure 4G).

361

362 CD4" T cell-CD14" monocyte complexes are more activated with higher proportions of
363 THA17 cells than singlet CD4" T cells.

364 To better characterize the CD4" T cells complexed with CD14" monocytes, we first analyzed the
365 memory subsets using CCR7 and CD45RO (Figure 5A). CD14" monocytes were largely
366 complexed with CD4" TCM and TEM cells (Figure 5B). Several markers were used to define
367 activated CD4" T cells (CD137/0X40 and HLADR/CD38) (Figure 5C). A significantly higher
368 proportion of activated cells in prediabetic/diabetic PLWH than in non-diabetic CD4" T cells
369 (Figure 5D, E, left panels). Focusing on cell-cell complexes, we observed that CD4" T cell-
370 CD14" monocyte complexes had a higher proportion of activated cells (Figure 5D, right panel).
371 Irrespective of metabolic status, all cells within cell-cell complexes were HLADR® CD38" (Figure
372 5E, right panel). Circulating activated T cells and cell-cell complexes were correlated with
373 fasting blood glucose (Figure 5F). We compared the activation profile between the CD3"T-cell:
374 CD14"monocyte complexes and singlet T cells and found a higher proportion of CD137°0X40"

375 T cells in the cell-cell complexes (Figure 5G). Using chemokine receptor markers, we defined
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376 CD4" T helper subsets within the CD4" T cells and CD4" T cell-CD14" monocyte complexes
377 (Figure S1C). CD3'T-cell: CD14"monocyte complexes had significantly higher proportions of
378 TH17 cells compared to CD4" T cells (Figure 5H). CD4" T cell-CD14" monocyte complexes
379 from prediabetic/diabetic PLWH had a significantly higher proportion of TH2, TH17, and TH1
380 cells than non-diabetic PLWH (Figure 5I). In summary, the T-cell monocyte complexes consist
381  of activated immune cells enriched for TH17 memory subsets.

382

383 T cell-monocyte complexes in PLWH show higher HIV copies and gene expression
384 related to activation and adhesion than singlet T cells and monocytes.

385

386 We quantified HIV DNA in CD4" T cells, CD14" monocytes, and CD3'T-cell: CD14 monocyte
387 complexes from six PLWH on ART (selected based on higher proportions of complexes).
388 Representative images show blue droplets (HIV LTR copies) and green droplets (RNAse P
389 copies) (Figure 6A-C). A higher count of HIV DNA copies per million cells was observed in
390 CD3'T-cell: CD14"monocyte complexes compared to paired single CD4" T cells and CD14"
391 monocytes (Figure 6D-E).

392

393 To determine if the T cells in the complexes are clonally expanded, four PLWH with a larger
394  proportion of cell-cell complexes and paired o8 TCR chains were sequenced from sorted

395 complexes (Figure 6F). We used TCRmatch (http://tools.iedb.org/tcrmatch/) to predict the

396 antigen specificity of the clonal TCRs among those identified. The majority of the clonal TCRs
397  (with identical CDR3 >2) were predicted to bind viral antigens, including HIV, in PLWH (Table
398 S6). Herpes virus TCRs were predicted in both PLWH and PWoH.

399

400 PBMCs from a PLWH with a large proportion of T cell-monocyte complexes as determined by

401 Cytof and flow cytometry were processed for single-cell transcriptomic analysis. In addition to
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402  validation based on CD3" and CD14" CITE-seq markers on the same cells, as expected. T cell-
403 monocyte complexes had significantly more reads per cell than all singlet clusters (Figure S4).
404  For this sample, classical monocytes complexed with an almost equal representation of T cells
405  with clonal and non-clonal TCRs. Non-classical monocytes, on the other hand, were mostly
406 paired with clonal TCRs (Figure 6G). Atrtificial complexes (a group of singlet monocytes and
407 singlet CD3" T cells combined for analysis) were compared to paired T cell-monocyte
408 complexes from ten participants without HIV who were consented to study immune cells in CVD
409 (Clinical demographics in Table S7, Figure 6H). Cell-cell complexes were compared from the
410 same participant for each artificial complex group. Compared to artificial complexes, T cells-
411  monocyte complexes expressed higher levels of GNLY with an overrepresentation of the MHCII
412  antigen presentation and TCR signaling pathways, consistent with an activated inflammatory
413 response (Figure 61-J, Table S8). The comparisons of the T cells-monocyte complexes with
414  paired artificial complexes in older HIV-negative individuals, showing high inflammation and
415 antigen presentation, suggests that these complexes are not entirely driven by HIV.

416

417 Maintenance of CD3'T-cell:CD14"monocytes by oxidative phosphorylation

418 Changes in metabolism can be informative of the functional profile of immune cells (Palmer,
419 Cherry, Sada-Ovalle, Singh, & Crowe, 2016). While immune cells can rely on glucose and
420  mitochondria for energy production, activated cells mostly rely on glycolysis (O'Neill, Kishton, &
421 Rathmell, 2016). We measured the energy dependencies of PBMCs from 15 PLWH (5 non-
422  diabetic and 10 pre-diabetic and diabetic) ex vivo using SCENITH (Arguello et al., 2020). Based
423  on the puromycin uptake, CD3"T-cell: CD14"monocyte complexes and CD14" monocytes were
424  more metabolically active than T cells, given their uptake of puromycin at baseline (Figure
425 S5A). The CD3'T-cell: CD14"monocyte complexes had a higher mitochondrial dependence
426 than the singlet CD14" monocytes (Figure S5B-D). We next quantified the proportion of

427  persistent CD3"T-cell: CD14'monocyte complexes after incubation of PBMCs with metabolic
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pathway inhibitors (2DG, oligomycin). While the proportion of CD3'T-cell: CD14"monocyte
complexes was unchanged after inhibition of glycolysis with 2DG, there was a decrease with
inhibition of oxidative phosphorylation (Figure S5E). In summary, CD3*T-cell: CD14"monocyte
complexes use glycolysis and oxidative phosphorylation, though mitochondrial ATP synthesis

may play a more significant role in maintaining cell-cell complexes.
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434  Discussion

435 Our study reveals that circulating monocytes complexed with T cells are increased in the
436  presence of HIV and glucose intolerance. Many of these complexes remain intact over a 4-hour
437  time-lapse ex-vivo, suggesting they can form stable complexes. Furthermore, in one of the
438 Videos, we capture a T cell complex with an antigen-presenting cell dividing (Video 2),
439  suggesting that the complexes are biologically functional. Stable immune complexes with
440 prolonged synapses may contribute to systemic inflammation greater than the contribution of
441  single cells (Friedl & Storim, 2004). Importantly, the cell-cell complexes have increased
442  expression of activation markers and inflammatory gene transcripts. Additionally, there is an

443  inverse association between the cell-cell complexes, plasma IL-10, and CD4" T regulatory cells.

445 IL-10 is an anti-inflammatory cytokine expressed by several cell types, including macrophages
446  and regulatory T cells.(Moore, de Waal Malefyt, Coffman, & O'Garra, 2001) Several studies,
447  including the Leiden 85-plus study, have shown that immune cells from individuals with
448 metabolic syndrome expressed lower levels of IL-10 upon stimulation.(van Exel et al., 2002)
449  HIV infection is associated with increased expression of IL-10, which in turn can suppress T-cell
450 responses.(Brockman et al., 2009) Over time and with ART, IL-10 expression decreases and
451 may be associated with metabolic disease (Fourman et al., 2020; Werede et al., 2022). In this
452  study, the relationship between the T cell-monocyte complexes and IL-10 and the interaction
453  between hemoglobin A1C and IL-10 reinforces the notion that complexes are increased in the
454  setting of inflammation (de Waal Malefyt, Abrams, Bennett, Figdor, & de Vries, 1991).

455

456 In PLWH, replicating and integrated HIV can be detected in circulating monocytes (Lambotte et
457  al., 2000; McElrath, Steinman, & Cohn, 1991; Sonza et al., 2001; Zhu et al., 2002). Although
458 some studies suggest that CD14° CD16" non-classical monocytes are more prone to HIV

459 infection,(Ellery et al., 2007), we found that HIV is detected in CD4" T cell-CD14" monocyte
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460 complexes. Within tissues, macrophages infected with HIV can transmit HIV to CD4" T cells,
461  suggesting these cellular interactions may be an important contributor to T cell loss and the
462  establishment of HIV reservoirs (Carr, Hocking, Li, & Burrell, 1999; Crowe, Zhu, & Muller, 2003;
463  Groot, Welsch, & Sattentau, 2008).

464

465 A recent study on immunometabolism of CD4" T cells in the context of HIV showed that the
466 infectivity of the CD4" T cells was more dependent on the metabolic activity of the T cells and
467 less on the activation status (Taylor & Palmer, 2020; Valle-Casuso et al., 2019). They also
468 showed fewer cells with latent HIV infection when they partially inhibited glycolysis using 2DG,
469  suggesting that the steps required for HIV to establish latency are glucose-dependent. In our
470 study, CD3'T-cell: CD14'monocyte complexes were metabolically active with greater
471 dependence on glucose than oxidative phosphorylation. Forming these cell-cell complexes is an
472  energy-demanding process, and inhibiting oxidative phosphorylation may have been sufficient
473 to affect some of these immunological synapses (Bonifaz, Cervantes-Silva, Ontiveros-Dotor,
474  Lopez-Villegas, & Sanchez-Garcia, 2014).

475

476  In summary, we have defined specific features of metabolically active, dynamic T cell-monocyte
477  cell-cell complexes increased with glucose intolerance in the setting of chronic HIV infection.
478 The complex interplay between inflammatory and metabolic disorders makes these cells
479  particularly interesting. Future studies investigating these cells in vivo and characterizing HIV
480  within the cell-cell complexes will provide insight into their role in metabolic disease and
481  complications that may arise from this.

482

483 Limitations of the study

484  This is a cross-sectional study with non-diabetic PWH and pre-diabetic/diabetic PWH (n=14 and

485 n=24, respectively) and differs in variables associated with glucose intolerance, including age,
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486 BMI, and waist circumference. While we report an association between the cell-cell complexes
487 and glucose intolerance, we cannot show causality in this study. Therefore, while the
488 inflammatory cell-cell complexes are increased in persons with HIV with increased glucose
489 tolerance and appear to carry HIV, we are currently unable to make conclusions as to whether
490 these cell-cell complexes drive the pathogenesis of the metabolic disease or are a consequence
491  of metabolic disease.

492
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707

708 Figure 1. Phenotypic characterization of PBMCs in non-diabetic, prediabetic, and diabetic
709 PLWH highlights differences by metabolic disease category

710  (A) UMAP of 1.5 million CD45" cells from the PBMCs of 38 participants with controlled HIV
711  depicting clusters of monocytes, CD4" T cells, CD8" T cells, B cells, and NK cells.

712  (B) UMAPs stratified by metabolic disease (no diabetes, prediabetes, and diabetes). For each
713  UMAP, we downsampled to 40000 events per sample from all 38 participants. Clusters 18, 19,
714 26, 27, and 28 have cell-cell complexes and are significantly higher with prediabetes/diabetes
715 compared to no diabetes. Other clusters that differ by diabetes are included in Table S2.

716 (C) Heat map shows all markers used to define clusters in the UMAPs. The median fold
717  difference legend bar (purple clusters are significantly higher in prediabetics/diabetics and blue
718  are higher in non-diabetic PLWH). Clusters in the heat map are grouped according to the bigger
719 clusters (labels on the right). The percentages indicate the number of cells in that cluster
720  proportional to the total number of cells analyzed.

721 (D) Dot plots show the % CD4" T regulatory cell cluster over total live CD45" and the constant of
722  association between T/B cells and monocytes in the complex clusters 18, 19, 26, 27, and 28 by
723  diabetes status.

124

725  Statistical analysis by Mann-Whitney test (D).

726

727  See Figure S1 and Table S3.

728

729

730 Figure 2. Classical monocytes complexed with T cells, NK cells, and B cells are
731 increased in the peripheral blood of PLWH with glucose intolerance

732  (A) Clusters identified by the T-REX algorithm increase and decrease with prediabetes/diabetes
733  (blue is higher in non-diabetics, and red is higher in prediabetic/diabetics).

734  (B) Violin plots show proportions of select subclusters that are significantly different between
735 non-diabetes (blue) and prediabetes/diabetes (maroon).

736  (C) The enrichment scores of markers (increased A and decreased V) for select clusters are
737  shown over the UMAP adjacent to the clusters. The bold markers are the most significant
738 among the markers that characterize the clusters.

739 (D) Two-dimensional flow cytometry plot of PBMCs showing FSC-A and FSC-H of cells that
740  comprise complexes (i) and singlets (ii). In section (iii), the FSC-A by SSC-A plots show CD14,
741 CD3, and Live/Dead on the Z-channel. Lastly, (iv) shows live cells (including lymphocytes and
742  monocytes), followed by a two-dimensional plot of CD3" and CD14" cells, and the last plot
743  shows CD4 and CD8 marker expression on the T: M complexes.

744  (E) Bright-field microscopy images of sorted CD14" and CD3" CD14" cells.

745  (F) Violin plot showing % CD3" T cell-CD14" monocyte complexes in longitudinal time points
746  from the same patients 2-3 years apart. To avoid batch effects, all sample comparisons were
747  performed within a single flow cytometry experiment.

748

749  Statistical analysis by Mann-Whitney test (B) and Wilcoxon matched pair signed ranks test (F).
750

751  See Figure S2.

752
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753  [Cluster 18: CD4" T cell CD14" Monocyte complex; Cluster 19: CD8" T cell CD14" Monocyte complex;
754  Cluster 25: CD4" T regulatory cell; Cluster 26: B cell-CD14" Monocytes; Cluster 27: CD8" T cell CD14"
755  Monocyte; Cluster 28: NK cell-CD14+ Monocyte; Cluster 29: CD3" T cell B cell; Cluster 32: CD3" T cell
756  CD14" Monocyte]

757

758  Figure 3. T cell-monocyte complexes are positively associated with blood glucose and
759  negatively with IL-10 and CD4" T regulatory cells in PLWH.

760  (A) Heatmap shows partial Spearman correlation between cell-cell complex clusters, CD4" T
761 regulatory cells from 38 participants as defined by mass cytometry, and hemoglobin Alc, fasting
762  blood glucose adjusted for age, sex, and BMI (* p< 0.05, ** p<0.01). UMAP with clusters from
763  Figurel is included for reference.

764 (B) Linear regression analysis with cell-cell complexes as the dependent variable and
765  hemoglobin A1C*IL-10 or hemoglobin A1C*Cluster 25 as the independent variables. The line
766 plots depict the relationship between CD8" T cell — CD14" monocyte complexes and
767  hemoglobin A1C, with IL-10 as the interaction term (left) and CD4 T regulatory cells as the
768 interaction term (right).

769 (C) A similar analysis was performed for all cell-cell complex clusters, showing the B
770  coefficients, the 95% confidence intervals, and p-values.

771

772  See Figure S3.

773

774  Figure 4. CD3" T cell-CD14" monocyte complexes from PLWH are dynamic

775  (A) Phase-contrast microscopy of sorted CD3* CD14" T cell-monocyte complexes at time 0.

776  (B) Pie chart shows the percentage of CD14" monocytes that are stably associated with T cells,
777 transiently associated with T cells, or not associated with T cells over 4.5hrs.

778 (C & D) Insets of stable complexes, right-hand panel shows the time overlay and the color code.
779 A yellow asterisk (*) in ¢ marks a T cell that proliferates. Scale bars — purple pseudo color
780 defines T cell and green marks the monocyte.

781 (E) Time series demonstrating transient interactions between CD14" monocyte and three T cells
782  (marked 1,2,3). Blue arrowheads and numbers mark the point of interactions between CD14"
783  monocyte and T cells.

784 (F) TEM of CD3" T cell-CD14" monocyte complexes. Inset highlights ultrastructural cell-cell
785 interactions (i) and (ii) and the presence of 100nm diameter particles (black arrow).

786 (G) TEM of CD3" T cell among sorted CD3" T cell-CD14" monocyte complexes 3 days post-
787  culture. Enlarged image (i) highlighting 100nm diameter particles (black arrow).

788  Scale bars are 50um A, 20um C-E, 4uM F, 500nm F(i), F(ii), G (i), and 1um G.

789

790 See Videos 1-3.

791

792

793  Figure 5. CD4" T cells complexed with CD14" monocytes are more activated with higher
794  proportions of TH17 cells compared to singlet CD4" T cells.

795 (A) Two-dimensional plot of mass cytometry data shows the gating of naive and memory
796  subsets of CD4" T cells in complex with CD14" monocytes (Naive, CD45RO™ CCR7"; TCM,
797 CD45RO" CCR7'; TEM CD45R0O" CCR7 ; TEMRA CD45RO" CCR7). Gating for CD4" T cells
798  shown in Figure S1A.
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799 (B) Dot plots show the proportions of naive and memory cells in CD4" T cell-CD14" monocyte
800 complexes in all participants (left) and in non-diabetic (n=14) and prediabetic/diabetic PLWH
801 (n=24).

802 (C) Representative plots showing CD137/0X40 on CD4" T cell-CD14" monocyte complexes and
803 CD4" T cells stratified by diabetes.

804 (D) Dot plots show % CD137" OX40" cells on CD4" T cells and on CD4" T cell-CD14" monocyte
805 complexes.

806 (E) Dot plots show % HLA-DR* CD38" cells on CD4" T cells and on CD4" T cell-CD14"
807 monocyte complexes.

808 (F) Correlation plots showing the relationships between fasting blood glucose and % CD137"
809 OX40" cells on CD4" T cells and CD4" T cell-CD14" complexes with. Similar plots of CD38"
810 HLA-DR" expressing cells on CD4" T cells and on CD4" T cell-CD14" monocyte complexes are
811 shown.

812 (G) Violin plots show higher proportions of activated CD137" OX40" cells among CD3" T cell-
813 CD14" monocyte complexes compared to CD3" T cells, CD8" T cells, and CD4" T cells.

814  (H) Violin plots show higher proportions of TH17 cells among CD3" T cell-CD14" monocyte
815 complexes compared to singlet CD4" T cells.

816 (I) PLWH with pre-diabetes/diabetes have a higher proportion of TH2 (CRTH2/CCR4), TH17
817 (CCR6/CD161), and TH1 (CXCR3) cells as a proportion of CD3" T cell-CD14" monocyte
818 complexes compared to non-diabetic PLWH.

819

820 Statistical analyses were performed using the Mann-Whitney U test (D-E), Spearman correlation
821 (F), and the Kruskal-Wallis test (G-).

822

823

824  Figure 6. CD3" T cell-CD14" monocyte complexes from PLWH have more copies of HIV
825 compared to singlet CD4" T cells and CD14" monocytes.

826 (A) Representative ddPCR plot showing HIV-LTR (blue droplets) and RNase P (green droplets)
827  copies in sorted CD3" T cell-CD14" monocyte complexes, (B) CD3" CD4" T cells and (C) CD14"
828 monocytes from PLWH.

829 (D) Violin plot shows ddPCR results for HIV quantification from 6 PLWH.

830 (E) The line plot shows HIV viral copies in paired samples.

831 (F) Single CD3" T cell: CD14" monocyte complexes were index-sorted from PBMCs followed by
832 TCR sequencing. The Circos plot shows TCRB V-J gene pairs of T cells complexed with
833  monocytes from four PLWH (1130, 1141, 1142, and 3005).

834 (G) TCR sequences were obtained from CITE-seq analysis of PBMCs from one individual with
835 many CD3" T cells-CD14" monocyte complexes. The stacked bar chart shows the total number
836 of cells with TCRs and is color-coded based on the clonality of the cells (shared
837  complementarity-determining region 3 (CDR3) sequences with = 2 were considered clonal).

838 (H) Dot plot shows genes that are differentially expressed in T cell-classical monocyte
839 complexes compared to artificial T cell-monocyte complexes from the same scRNA-seq data
840  set.

841 () GSEA analysis shows the Reactome pathways enriched by differentially expressed genes
842 that are higher in the T cell-classical monocyte complexes (blue bars) when compared to the
843 artificial complexes (orange bars).

844  (J) UMAP shows artificial complexes and CD3" T cell-CD14" classical monocyte complexes
845 among other T cells (left panel). Violin plots and UMAPs show differential gene expression of
846  GNLY (middle panel) and HLA-DRA (right panel) .

847
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RUNNING: Cell Complexes in HIV and diabetes

848  Statistical analysis using Kruskal Wallis (D), Wilcoxon test (E).
849 See Tables S7e
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