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Artificial antigen-presenting cell system reveals CD28’s
role in modulating T cell functions during human
immunodeficiency virus infection

Tayma Shaaban Kabakibo,1,2,3 Edwige Arnold,1,2 Kartika Padhan,1,8 Audrée Lemieux,1,2,3

Gloria Gabrielle Ortega-Delgado,1 Jean-Pierre Routy,5,6 Naglaa Shoukry,1,2,4 Mathieu Dubé,1,*

and Daniel E. Kaufmann1,2,4,7,9,*
SUMMARY

T cell immune dysfunction is a prominent feature of chronic HIV infection. To evaluate non-specific
dysfunction, a method involving both generic activation and T cell receptor (TCR) stimulation is necessary.
We created a tunable artificial antigen-presenting cell (aAPC) system. This system consists of lipid bilayers
on cytometry-compatible silica microbeads (5 mm). When only anti-CD3 is incorporated, T cell activation is
limited. Introducing anti-CD28 agonists significantly elevates the cytokine expression and upregulation of
activation-induced markers. CD28 co-stimulation modulates the response profile, preferentially promot-
ing IL-2 expression relative to other cytokines. aAPCs-stimulated CD4+ and CD8+ T cells from untreated
HIV-infected individuals exhibit altered effector functions and diminished CD28 dependence. These func-
tions are skewed toward TNFa, IFNg and CD107a, with reduced IL-2. Antiretroviral therapy partially nor-
malizes this distorted profile in CD4+ T cells, but not in CD8+ T cells. Our findings show T cell intrinsic biases
that may contribute to persistent systemic T cell dysfunction associated with HIV pathogenesis.

INTRODUCTION

Optimal T cell activation requires two signals delivered during the interaction between T cells and antigen-presenting cells (APCs). Signal 1

occurs when the T cell receptor (TCR) binds to its cognate antigen presented on a major histocompatibility complex (MHC) class I or class II

molecule. Signal 2 is providedby co-stimulatorymolecules on T cells, which are engagedby their APC-expressed ligands.1,2 TheCD28-B7 axis

is themost extensively studied co-stimulatory pathway (reviewed in3,4). The combined effects of signals 1 and 2 activate transcriptional factors

governing various ‘‘differentiation programs,’’ each defining a set of functions, such as T cell proliferation and survival, cytokine production, or

differentiation.5–8 It is now evident that the role of CD28 extends beyond enhancing TCR signaling, as it induces distinct transcriptional and

epigenetic changes.9–11

Systemic chronic activation is a hallmark of progressive HIV infection.12,13 Prolonged exposure to HIV peptides leads to the dysregulation

of HIV-specific CD4+ and CD8+ T cells, altering T cell polarization and effector functions.14–22 These dysfunctional responses usually fail to

control viral replication.22,23 T cell exhaustion is associated with persisting expression of immune checkpoint inhibitory receptors (IR), which

exert negative feedback control on the TCR signal.23–25 Modulation of CD28 activity plays a pivotal role in this negative feedback loop, as PD-

1-associated SHP-2 preferentially dephosphorylates the cytosolic domain of CD28.26 A broader state of T cell dysfunction also exists in non-

HIV-specific cells, attributed to systemic activation,27,28 co-infection by other pathogens,29–31 and microbial translocation caused by compro-

mised mucosal barrier integrity.32 This generic dysfunction may contribute to co-morbidities and reduced life expectancy in people with HIV

(PWH).33While decreased expression of CD28 onCD8+ T cells is inversely correlatedwith CD4+ T cell count prior to ART initiation,34 it remains

uncertain whether this overall dysfunction is associated with modified responsiveness to TCR and CD28 stimulation.

Stimulation with cognate antigenic peptides loaded onto natural APCs is commonly used to study TCR-mediated T cell functions. This

approach provides insights into T cells sharing a defined specificity, but it does not provide information about the overall state of T cells.

Furthermore, as natural APCs express an array of other co-stimulatory and inhibitory receptors, simplified model systems are needed to
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Figure 1. aAPCs induce a robust cytokine production in CD4+ and CD8+ T cells

(A) Schematic representation of aAPCs preparation.

(B) Representative flow cytometry plots of cytokines expression in CD4+ andCD8+ T cells after 15h of aAPCs (aCD3:aCD28:IgG 1:4:0) stimulation of purified T cells

from UD. The unstimulated condition represents T cells incubated with control IgG aAPCs (aCD3:aCD28:IgG 0:0:5).

(C) Diagram explaining the OR Boolean gating. For simplicity, only IL-2 and TNFa in CD4+ T cells are shown as a conceptual example.

(D and E) Total cytokine+ (D) CD4+ or (E) CD8+ T cells defined by the ORgate, in 12 UD.Wilcoxon test results are shown. Medians are indicated below the graphs.

Error bars represent the interquartile range.
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accurately analyze TCR- and CD28-mediated activation. Agonistic anti-CD3 (aCD3) and anti-CD28 (aCD28) antibodies are commonly used to

non-selectively activate purified T cells, mimicking TCR and co-stimulation signals, respectively. Commercially available activation systems

include crosslinked soluble aCD3 and aCD28 or immobilization of at least one of the antibodies on either plate-, planar-, or bead-based solid

supports.35–40 Previous studies indicated that having cell-sized constructs (4.5–5 mm)41,42 and a fluid surface allowing the rearrangement of

T cell ligands on the artificial APC (aAPC)43,44 leads to enhanced T cell activation. Current embedded agonists on supported lipidmembranes

were effective for expanding T cells, but required days of stimulation, which complicates phenotyping.45–49

In this study, we developed a customizable artificial antigen-presenting cells (aAPCs) system composed of a fluid lipid bilayer coated onto

cytometry-compatible silica microbeads (5 mm) and embedded with agonistic antibodies directed against CD3 and CD28. This system en-

ables strong T cell activation within 15 h. We employed these aAPCs to elucidate the role of CD28 co-stimulation in shaping the CD4+

and CD8+ T cell effector functional profile in uninfected control donors (UD). We investigated how this profile changes in PWH, both before

(UNT) and after antiretroviral treatment (ART).

RESULTS
Artificial antigen-presenting cells induce robust cytokine production in CD4+ and CD8+ T cells

We developed a T cell activation system consisting of silica beads coated with a membrane bilayer to mimic the physiological TCR-mediated

T cell activation. This design imitates key features of natural APCs including a similar size (5 mm diameter), a tridimensional structure, and a

fluid lipid bilayer that facilitates the clustering of activating ligands. As ‘‘artificial antigen-presenting cells (aAPCs)’’ was a term previously used

to describe such a three-dimensional system replicating some aspects of natural APC-mediated activation, we adopted this expression herein

for our newly designed activation platform.50,51 The preparation of aAPCs (Figure 1A) involved generating unilamellar liposomes containing

biotin acceptor sites through thin film hydration. Bilayered liposomes were formed by extrusion and used to coat the silica beads. Biotin-con-

jugated anti-CD3 and/or anti-CD28 agonistic antibodies were added via streptavidin-biotin ligation.

We assessed the potency of aAPCs at stimulating CD4+ and CD8+ T cells isolated from PBMCs of uninfected donors (UD, Table S1).

Following purification, T cells were stimulated for 15h with aAPCs coated with aCD3 and aCD28 antibodies at a 4:1 bead-to-cell ratio. Sub-

sequently, an intracellular cytokine staining assay (ICS) was conducted to detect IL-2, IFNg, TNFa, CD107a, and IL17A. The aAPCs were co-

analyzed alongside the T cells (Figure S1A). The successful coating with aCD3 and aCD28 antibodies was verified through anti-IgG staining

(Figure S1B). Upon stimulation with aAPCs, a considerable upregulation of cytokines was observed in both CD4+ andCD8+ T cells (Figure 1B).

IL17A was not detectable in CD8+ T cells and was consequently excluded from subsequent CD8 analyses (Figure 1B). The extent of activation

achieved through aAPCs was close to the level attained through the superantigen staphylococcal enterotoxin B (SEB) (Figure S1C). Of note,

SEB-mediated activation was performed in non-purified PBMCs to adequately cross-linkMHC-II and TCRmolecules and ensure superior acti-

vation (Figure S1D).

We assessed the frequencies of CD4+ and CD8+ T cells expressing at least one cytokine. Each cytokine was individually gated, then sub-

jected to ORgate Boolean gating.52 This approach creates a cytokine+ population that includes all cells within IL-2+, IFNg+, TNFa+, CD107a+

gates. Additionally, the use of the ORgate Boolean gating prevents the redundant counting of cells that simultaneously co-express several

effectormolecules, whichwould otherwise occur with a simple summation (Figure 1C). This approach preserved all the possible cytokine com-

binations, such as single positive cytokine+ cells as well as cell positives for several or all cytokines. Employing this strategy, we determined

that a median of 45.8% of CD4+ and 22.9% of CD8+ T cells exertedR 1 effector functions upon activation by aAPCs (Figures 1D and 1E). The

embedding of antibodies into the lipid-bilayered silica bead was important, given that equivalent concentrations of aCD3 and aCD28 in so-

lution or cross-linked with goat anti-mouse IgG only yielded low activation of CD4+ and CD8+ T cells (Figure S1E). We also compared our

system to commercially available magnetic CD3+CD28 beads (Figure S1F). Although magnetic bead-mediated stimulation appeared twice

more efficient when gated on valid events, it came at the expense of an alteration of some cell surface marker expression, much higher cell

death, and drastically inferior yield of T cell recuperation after stimulation (Figures S1G–S1I). By comparison, aAPCs provided a robust acti-

vation signal that nevertheless preserved cell viability and surface CD4 and CD8 expression (Figures S1J and S1K). The engagement of CD3

and CD28 with their agonistic antibodies resulted in their partial downregulation from the surface of both CD4+ and CD8+ T cells owing to

strong stimulation cues (Figures S1J and S1K).

These data show that our devised aAPC system, utilizing silica bead-coated bilayers to emulate physiological TCR-mediated activation,

robustly induces cytokine expression in both CD4+ and CD8+ T cells while preserving the viability of the cells.

CD28 co-stimulation differentially enhances individual effector functions in CD4+ and CD8+ T cells

We employed aAPCs to analyze the quantitative contributions of aCD3 and aCD28 to T cell activation. To empirically establish the optimal

aCD3/aCD28 ratio in the aAPC system, we initially conducted dose-response experiments (Figures S2A and S2B). Increasing the
iScience 27, 110947, October 18, 2024 3
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Figure 2. CD28 co-stimulation differentially enhances effector functions in T cells

Univariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of aAPCs stimulation of purified T cells from UD participants. Unless specified

otherwise, the 1:4:0 (aCD3:aCD28:IgG) is presented.

(A–D) ORgate-identified net cytokine+ responses after background subtraction. Net ORgate cytokine+ (A) CD4+ and (B) CD8+ T cells responses to aAPCs

stimulation with different aCD3:aCD28 ratios in purified T cells. Individual net cytokine production in (C) CD4+ and (D) CD8+ T cells when stimulated with

aCD3 aAPCs (aCD3:aCD28:IgG 1:0:4) compared to aCD3+aCD28 aAPCs (aCD3:aCD28:IgG 1:4:0). Wilcoxon test results are shown.

(E and F) Percentage of residual cytokine+ signal, representing the quotient between the 1:0:4 (aCD3:aCD28:IgG) and 1:4:0 (aCD3:aCD28:IgG) conditions in (E)

CD4+ and (F) CD8+ T cells.

(G and H) Median fluorescence intensity (MFI) of each cytokine expression in (G) CD4+ and (H) CD8+ T cells when stimulated with aCD3 aAPCs (aCD3:aCD28:IgG

1:0:4) compared to aCD3+aCD28 aAPCs (aCD3:aCD28:IgG 1:4:0). The analyses focus the cytokine+ cells indicated by the subtitles.

(I) Gating strategy defining memory subsets. The populations boxed in colors were further analyzed for CD27 expression, on the right.

(J-K) Percentage of residual ORgate cytokine+ signal in CD4+ and CD8+memory subsets (as calculated in E,F). In (A–F, J and K), n = 12. Friedman test was used in

(A, C, E, F, J, K). In (A–F, J, and K), error bars represent the interquartile range.
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concentration of aCD28 on aAPCs did not compensate for the absence of aCD3. In the absence of aCD28, increasing the aCD3 concentration

had little effect, suggesting that CD28 co-stimulation is necessary for optimal activation. In the presence of aCD28, a high concentration of

aCD3 proved detrimental. The optimal activation was empirically determined to be at a 1-to-4 aCD3-to-aCD28molecular ratio. This ratio was

selected for subsequent experiments unless otherwise specified.

To evaluate the importance of CD28 co-stimulation for distinct effector functions, we generated 5 sets of aAPCs: 1) negative control lip-

obeads loaded with non-activating isotype control IgG, and aAPCs containing agonistic antibodies targeting 2) CD3 only, 3) CD28 only, 4)

CD3 and CD28 at equivalent but suboptimal molarity, and 5) CD3 and CD28 at the optimal 1-to-4 molecular ratio. Isotype IgG was supple-

mented onto suboptimal aAPCs to reach an overall antibody density equivalent to that of the optimal 1-to-4 condition. Purified T cells from

12 UD were stimulated with these sets of aAPCs, and total frequencies of cytokine-producing cells were quantified using OR Boolean com-

bination gating (Figures S2C and S2D). Net total responses were calculated after subtracting the background signal (Figures 2A–2D).

In CD4+ T cells, activation with aCD3 alone or aCD28 alone resulted in net responses of low magnitude (Figure 2A), which were still sig-

nificant compared to negative IgG bead controls (Figure S2C). The signal modestly increased at the suboptimal 1:1 aCD3:aCD28 ratio, and

substantially augmented at the optimal 1:4 (aCD3:aCD28) ratio, reaching a 69-fold rise compared to aCD3 alone. Compared to CD4+ T cells,

aCD3 alone was slightly more effective in activating CD8+ T cells (Figure 2C). The benefit of co-stimulation was apparent only at the 1:4 M

ratio, with a median-fold increase of 9.6 when compared to aCD3 alone. Positive impacts of CD28 co-stimulation were observed for each

examined cytokine in both CD4+ and CD8+ T cells (Figures 2B and 2D).

To better illustrate the effect of CD28 co-stimulation on effector functions at the populational level, we calculated the residual signal in the

absence of CD28 co-stimulation: ([cytokine+ cells activated by aCD3 alone]/[cytokine+ cells activated by 1:4 (aCD3:aCD28)] X 100) (Figures 2E

and 2F). A low residual signal indicates a high dependence on CD28 co-stimulation, whereas a comparatively high residual signal suggests a

certain degree of independence from CD28 co-stimulation. These internally controlled side-by-side comparisons allow the ranking of cyto-

kines based on their dependence on CD28. In CD4+ T cells, the expression of IL-2, IFNg, and TNFa was markedly reduced without CD28. In

contrast, IL17A and CD107a were less affected by the lack of CD28 co-stimulation (Figure 2E). CD28 co-stimulation dependency was more

heterogeneous in CD8+ T cells. Although a similar hierarchy existed, CD8+ T cells depended less on CD28 co-stimulation than CD4+

T cells for all effector functions, except CD107a (Figure S2E).

CD28 co-stimulation also increased cytokine expression at the single-cell level. Median fluorescence intensities of IL-2, IFNg, TNFa, and

IL17A all increased in the 1:4 (aCD3:aCD28) condition compared to aCD3 alone (Figures 2G, 2H, S2F, and S2G). Notably, only the expression

of CD107a remained unchanged in CD4+ and CD8+ T cells. These data show the critical importance of CD28 to fully express cytokines.

Effector functions elicited in CD4+ and CD8+ T cells can vary with memory differentiation.53,54 We, therefore, investigated whether

this variability could lead to differing dependence on CD28 co-stimulation. Memory subsets were categorized as follows: naive T cells

(TN, CCR7+CD45RA+), central memory (TCM, CCR7+CD45RA�), transitional memory (TTM, CCR7�CD45RA�CD27+), effector memory

(TEM, CCR7
�CD45RA�CD27�), and terminally differentiated memory (TEMRA, CCR7

�CD45RA+) (Figure 2I). There were no disparities in mem-

ory subset proportions after stimulation with aCD3+aCD28 aAPCs (Figures S2H and S2I). We evaluated total cytokine+ cells in each subset

using OR Boolean combination gating, then calculated the residual signal in the absence of CD28 co-stimulation (Figures 2J and 2K). In CD4+

T cells, TN exhibited the greatest reliance on CD28 co-stimulation. Across CD4+ T memory subsets, we observed a hierarchy for dependence

on CD28, wherein the need for co-stimulation diminished as subsets became more differentiated: TN > TCM > TTM> TEM> TEMRA (Figure 2J).

CD8+ T cell subsets displayed a three-step hierarchy in which TN and TCM were both strongly reliant on CD28, whereas TTM and TEM and

moderately dependent on CD28. As for CD4+ T cells, CD8 TEMRA were the least dependent on CD28. CD8 T cells required less co-stimu-

lation overall than CD4 (Figures 2K and S2J). We tested whether independence from CD28 co-stimulation was linked to decreased CD28

expression in certain memory subsets. We observed that CD28 was expressed in more than 99% of TN, TEM, TTM and TEM CD4 T cell subsets.

This proportion dropped to a still high median of 82.5% in TEMRA. There was more variation among subsets in CD8 T cells, with the highest

proportion of CD28+ in TCM (median of 100%) and lowest in TEMRA cells (median of 36.6%) (Figure S2K). We next measured the median fluo-

rescence intensity to infer the level of surface CD28 expression per CD28+ cell (Figure S2L). The level of surface CD28 expression was similar

across the differentiated subsets (TEM, TTM, TEM and TEMRA), and slightly lower in CD4 andCD8TN (Figure S2M). Importantly, TCM had the same

proportion of CD28+ cells, and expressed the same level of surface CD28 compared to the least CD28 dependent TEM in both CD4 and CD8
iScience 27, 110947, October 18, 2024 5
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Figure 3. Responsiveness of IL-2 to CD28 co-stimulation shapes the effector profile

Multivariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of aAPCs stimulation of purified T cells from UD participants. The 1:4:0

(aCD3:aCD28:IgG) and 1:0:4 (aCD3:aCD28:IgG) are herein qualitatively compared. Cytokine+ CD4 and CD8 T cells are identified by Boolean ORgate gating,

downsampled to 1000 cells per participant per condition, concatenated, and then analyzed as follows.

(A) Multiparametric UMAP representation of cytokine+ CD4+ and CD8+ activated T cells from UD, based on IL-2, IFNg, TNF⍺, CD107a and IL17A expression at

two stimulation conditions (aCD3:aCD28:IgG): 1:0:4 and 1:4:0. The categorical CD4+ and CD8+ phenotypic information was reintroduced post-hoc.

(B) Heatmap summarizing the MFI of each parameter for each cluster.

(C) Proportion of cells expressing individual functions in each cluster, using the ORgate as the denominator and combining CD4 and CD8 T cells irrespective of

the condition of stimulation; in support of panel B.

(D and E) Proportion of each cytokine+ cluster for (D) CD4+ and (E) CD8+ T cells in uninfected participants. Wilcoxon paired tests are shown to depict the relative

changes in cluster composition upon CD28 co-stimulation, compared to aCD3 alone. In (A–E), n = 12.
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T cells. Therefore, independence from CD28 co-stimulation cannot be solely attributed to a lack of CD28 expression in certain differentiated

subsets.

These results demonstrate the substantial impact of CD28 co-stimulation on the enhancement of T cell effector functions across CD4+ and

CD8+ subsets, underscoring the differential dependence on CD28 co-stimulation across varying memory differentiation stages.

The heightened responsiveness of IL-2 to CD28 co-stimulation shapes the overall effector profile

Given the asymmetric impact of CD28 co-stimulation on cytokine expression, we investigated whether CD28 could act as a determinant

shaping the overall effector profile. To avoid predefinedmarker combinations, we conducted unsupervised analyses utilizing the high-dimen-

sional flow cytometric phenotyping data (Figure 3). We examined cells activatedwith different aCD3:aCD28:IgG ratios (1:0:4 vs. 1:4:0). We first

identified aAPC-reactive cytokine+ cells of both CD4+ and CD8+ T cells using theORgate method, then downsampled these cells to 1000 per

participant per condition, and subsequently utilized the UniformManifold Approximation and Projection (UMAP) algorithm55 to visualize the

various clusters of CD4+ and CD8+ T populations exerting effector functions. The identification of effector function clusters was performed

using Phenograph.56 As the goal of this analysis was to draw an effector function landscape rather than a phenotypic profiling, only cytokine

parameters were loaded. TheMFI from CD4 and CD8markers were therefore not included in the UMAP calculation and did not contribute to

the clustering. CD4+ and CD8+ cells could be identified post-hoc using categorical labels. Our approach generated 17 effector CD4 and CD8

T cell co-clusters (Figure 3A). The classification of clusters was based on distinct cytokine profiles indicated by fluorescent intensities

(Figures 3B and S3A). Further qualification of the identified clusters was based on the percentage of cells expressing the different cytokines

(Figure 3C).

This analysis revealed six clusters primarily composed of monofunctional cells (C4, C6, C8, C14, C15, C16), while the remaining clusters

displayed varying degrees of polyfunctionality (Figure 3C). No cluster could be solely attributed to either the CD4 or the CD8 subset, or

the presence or absence or CD28 co-stimulation. The most distinctive clusters between CD4+ and CD8+ T cells were C4, a mostly CD4+

T cell cluster expressing only TNF, and C10, a mostly CD8+ T cell cluster co-expressing IL-2 and IFNg but not TNF. In CD4+ T cells, IL-2

and IFNg expression was frequent, and typically associated with TNF co-expression (Figures 3B–3E).

Although the main impact of CD28 co-stimulation was quantitative (Figures S3B and S3C), its relative influence varied among clusters, re-

sulting in three distinct behaviors in CD4+ T cells (Figure 3D): i) clusters whose relative importance declined with CD28 co-stimulation. These

clusters (C1, C3, C4, C5, C6, C8, C11, C14) exhibited minimal or no IL-2 expression. These clusters were otherwise characterized by various

degrees of TNFa, IFNg or CD107a co-expression; ii) status quo, with clusters (C2, C7, C10, C15, C17) maintaining consistent proportions with

or without CD28 co-stimulation. These clusters were characterized by a high degree of polyfunctionality, excepted for the cluster C15 that

exerted only the IL-2 effector function; and iii) clusters enriched after co-stimulation with CD28. These clusters (C9, C12, C13, C16) expressed

IL-2 and TNFa, or predominantly IL-2. CD28-mediated co-stimulation did not systematically increase polyfunctionality, as several polyfunc-

tional clusters (C3, C5, C11) proportionally decreased in relative importance with CD28. Overall, similar observations were made on CD8+

T cells, with minor cluster-specific differences (Figures 3E and S3C).

Principal component analyses (PCA) of T cell responses based on the proportions of these clusters in CD4+ (Figure S3D) and CD8+ (Fig-

ure S3E) T cells, illustrated the substantial effect of CD28 co-stimulation on the effector function profile. Therefore, CD28 serves a dual role by

enhancing the potency of CD3-mediated TCR activation and fine-tuning the nature of the elicited effector functions.

CD28 co-stimulation enhances expression of second wave co-stimulatory molecules

In addition to CD28, a repertoire of other T cell co-stimulatorymolecules exists, includingCD69, CD40L,OX40, 4-1BB and ICOS. In contrast to

the constitutive expression of CD28, these molecules typically undergo upregulation upon activation.57–61 Our investigation aimed to assess

the role of CD28 in their upregulation. T cells from uninfected control donors were stimulated with aAPCs for 15h, followed by surfacemarker

staining and subsequent analysis by flow cytometry.

CD69 is a widely employed surface marker to monitor T cell activation due to its rapid and robust upregulation after T cell activation.62,63

Notably, around one-third of CD4+ T cells already expressed low levels of CD69 before stimulation (Figure 4A). This proportion increased to

73% upon exposure to aAPCs conjugated solely with aCD3, with further increase with the optimal 1:4 (aCD3:aCD28) aAPCs, reaching >95% of

CD4+ (Figure 4A) and CD8+ (Figure S4A) T cells. To increase the accuracy of activated cell detection following aAPC stimulation, we analyzed

CD69 in conjunction with other activation markers using an AND/OR Boolean strategy, an approach validated in previous studies.64,65
iScience 27, 110947, October 18, 2024 7
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Figure 4. CD28 co-stimulation enhances the expression of co-stimulatory molecules

Univariate analyses of co-stimulatory marker expression in CD4+ and CD8+ T cells after 15h of stimulation of purified T cells from UD participants, using aCD3

aAPCs or aCD3 aCD28 aAPCs.

(A and B) Representative flow cytometry plots of purifiedCD4+ T cells stimulated with indicated aAPCs. (A) CD69 expression. (B) Co-expression of CD69 and other

activation molecules.

(C–F) Background-subtracted net responses of CD4+ and CD8+ T cells expressing co-stimulation molecules (CD40L, OX40, 4-1BB, ICOS). Global responses

(OR-gate identified cells expressing one or more co-stimulation molecules) for (C) CD4+ and (D) CD8+ T cells are shown, then subdivided individually for

each tested co-stimulation molecule for (E) CD4+ and (F) CD8+.

(G and H) Percentage of residual cytokine+ signal, representing the quotient between the 1:0:4 (aCD3:aCD28:IgG; aCD3 aAPCs) and 1:4:0 (aCD3:aCD28:IgG;

aCD3+aCD28 aAPCs) conditions in (G) CD4+ and (H) CD8+ T cells. In (C–H), n = 11. Friedman tests are shown below the histograms in (C, D, G, H). In (C–H),

error bars represent the interquartile range. Gray borders represent responses <0.1% (in C and D) or <0.01% (in H) that could not be represented on the

logarithmic scale and hence were given arbitrary values of 0.1% or 0.01% respectively.
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Consequently, co-expression of CD40L,OX40, 4-1BB, and ICOSwith CD69was quantified in CD4+ andCD8+ cells. Each activationmarker was

upregulated after aAPC stimulation, albeit to varying degrees (Figures 4B and S4B). Background signal was negligible (Figures S4C and S4D).

We detected only minimal or no induction of T cell activation markers after stimulation with aAPCs incorporating solely aCD3 or aCD28

(Figures 4C–4F). Equimolar addition of CD28 (1:1 ratio of aCD3 to aCD28) marginally increased the signal (Figures 4C and 4D). In contrast,

the proportion of activated cells sharply increased at the 1:4 (aCD3:aCD28) ratio, reaching a median of 62.6% in CD4+ (Figure 4C) and

41.1% in CD8+ (Figure 4D). This increase with co-stimulation was observed for all tested activation markers (Figures 4E and 4F).

As for the ICS assay, we calculated the residual signal in the absence of aCD28. In CD4+ T cells, CD40L exhibited the highest dependency

on CD28 co-stimulation followed by OX40, and ICOS. At the other end of the spectrum, 4-1BB and CD69 displayed greater independence

from CD28 (Figure 4G). A comparable hierarchy was observed in CD8+ T cells (Figure 4H). CD8+ T cells exhibited less reliance on CD28 co-

stimulation than in CD4+ T cells across all markers except for CD40L, which was poorly expressed on CD8+ T cells (Figure S4E). On a per-cell

basis (median FI), CD28 co-stimulation increased the expression levels of CD40L, OX40, ICOS, and CD69, but not 4-1BB (Figures S4F

and S4G).

In summary, these results reveal that activation markers have varying levels of dependency on CD28 co-stimulation, from stringent (OX40,

CD40L, ICOS), to moderate (4-1BB), and low (CD69).

During viremic human immunodeficiency virus infection, the reliance on CD28 co-stimulation is heightened for IL-2, but

diminished for interferon g and TNFa

Inefficient CD28 co-stimulation has been reported during chronic viral infections.26,66 Therefore, we sought to determine whether the depen-

dence on CD28 co-stimulation was altered in the context of chronic HIV infection. We examined a cohort of 13 people with chronic HIV who

had not yet initiated antiretroviral therapy (UNT) (Figure S5A); clinical characteristics are provided in Table S1.

Although not reaching significance, the stimulation with aCD3 aAPCs showed trends for higher levels of cytokine expression in both CD4+

and CD8+ T cells of UNT individuals compared to UD (Figures 5A, 5B, S5B, and S5C). Conversely, UNT’s cytokine expression with CD28 co-

stimulation showed trends for lower cytokine expression than those observed in UD (Figures S5B and S5C). We observed consistent results

after correcting for the depletion of CD4+ T cells, improving also the significance of the observation (Figures S5D and S5E). Consequently,

these trends translated to a lower dependence for CD28 co-stimulation in UNT compared to UD people (Figures 5C and 5D). Notably, these

findings were cytokine-dependent; while IFNg and TNF⍺ were significantly less reliant on CD28 co-stimulation in UNT donors, IL-2 demon-

strated an opposing pattern, being more dependent on CD28 co-stimulation in UNT than in UD (Figures 5E and 5F).

We examined whether alterations in CD28 dependence were linked to changes in memory differentiation subsets (Figures S5F and S5G).

In CD4+ T cells from UNT, there were significantly lower frequencies of TTM (Figures S5H). In CD8+ T cells, TEM and TEMRA were elevated in

UNT, whereas TCM was concomitantly less frequent (Figures S5I). The increased dependence on CD28 co-stimulation for IL-2 in UNT was

observed in all memory subsets. In contrast, the reduced dependence of IFNg and TNF⍺ on co-stimulation was specifically observed in

the TEM and TEMRA subsets of UNT participants (Figures S5J and S5K).

These results reveal altered patterns of the requirement for CD28 co-stimulation in the context of chronic HIV infection, with cytokine-spe-

cific variations and memory subset influences.

CD4+ and CD8+ T cells from untreated people with human immunodeficiency virus exhibit effector functions skewed

toward TNFa, interferon g, and CD107a, and diminished IL-2 production

We employed an unsupervised approach to evaluate how the altered dependence on CD28 co-stimulation influenced the overall functional

profile of CD4+ and CD8+ T cells during viremic HIV infection. Cytokine+ CD4+ and CD8+ T cells from UNT, as defined in the ORgate analysis,

were overlaid onto the UMAP analyses from Figure 3 (Figures 6A and 6B). We next compared the proportions of the aforementioned 17 iden-

tified clusters in UDandUNTparticipants.With regard toUNT vs. UD comparisons, these clusters displayed threedistinct patterns (Figure 6C):

i) clusters enriched in UNT compared to UD (C1, C2, C3, C4, C5, C6, C8. C11, C13. C14). These clusters expressed IFNg, TNF⍺ and/or CD107A,

but not IL-2; ii) clusters similarly represented in both cohorts (C7, C16, C17); iii) clusters enriched in UD (C9, C10, C12, C15). These clusters were

all characterized by IL-2 expression. CD8+ T cell clusters exhibitedmore clusters enriched in UD, with additional IL-2+ expressing clusters (C13,

C16, C17) compared to CD4+ T cells (Figure 6D). Notably, C5, characterized by IL17A expression, was similarly represented between cohorts
iScience 27, 110947, October 18, 2024 9
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Figure 5. Cytokine-specific dependence on CD28 co-stimulation in untreated HIV infection

Univariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of aAPCs stimulation of purified T cells from UD versus UNT participants. Unless

specified, the ratios presented are 1:4:0 (aCD3:aCD28:IgG; aCD3 aCD28 aAPCs).

(A and B) ORgate-identified, background subtracted net (A) CD4+ and (B) CD8+ cytokine+ T cell responses from UNT after aAPCs stimulation. Friedman test was

used.

(C and D) Comparison of residual signal in the absence of CD28 co-stimulation for cytokine+ (C) CD4+ or (D) CD8+ T cells in UD versus UNT participants.

(E and F) Comparison of residual signal in the absence of CD28 co-stimulation in (E) CD4+ or (F) CD8+ T cells between UD and UNT for each individual cytokine. In

(C-F), Mann-Whitney test results are shown. In (A–F), n = 12. In (A-F), error bars represent the interquartile range. In (A) and (E), gray borders represent responses

<0.1% that could not be represented on the logarithmic scale and hence were given arbitrary values of 0.1%.
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in CD8+ but higher in UNT’s CD4+ T cells. Globally, the clusters that are enriched in UNT compared to UD (C1, C2, C3, C4, C6, C8, C11, C14 for

CD4 and CD8, and C5, C13 for CD4; C2 and C13 are the only exceptions) coincided with those that proportionally declined in the absence of

CD28 co-stimulation. The overrepresentation of clusters less dependent on CD28 co-stimulation may thus represent a hallmark of the CD28

co-stimulation defect reported in UNT.

To further examine the alterations in functional profile duringHIV infection, we integrated the proportions of CD4+ andCD8+ T cell clusters

from UNT and UD controls in a principal component analysis (PCA) (Figures 6E and 6F). For both CD4+ and CD8+ T cells, we observed a clear

and statistically significant separation of the two cohorts along the PC1 axis. To identify the cytokines driving this segregation, we correlated

PC1 with the univariate percentage of each cytokine+ T cell response (Figures 6G, 6H, S6A, and S6B). CD107a, IL17A, IFNg, and TNF⍺ all posi-

tively correlated with PC1 (or showed a trend in the case of TNF⍺ in CD4+), showing that the increased expression of these cytokines in UNT

drove the observed separation (Figures 6G and 6H). Conversely, IL-2 correlated negatively with PC1, indicating that the diminished expression

of this cytokine is a distinctive feature of UNT (Figures 6G and 6H). These findings were corroborated by univariate analyses, as we noted a

lower proportion of IL-2+ CD4+ (Figure S6C) and CD8+ (Figure S6D) T cells in UNT samples. Conversely, the proportion of IFNg+, TNF⍺+ and

CD107a+ CD4+ and CD8+ T cells was higher in UNT than UD.

In summary, unsupervised integration of cytokine-positive T cell responses reveals distinct patterns enriched in UNT. Principal component

analysis highlights the significant divergence between UNT and controls, driven by elevated IFNg, TNFa, and CD107a alongside reduced IL-2

expression.

Initiation of antiretroviral treatment in people with human immunodeficiency virus partially normalizes cytokine profiles in

CD4+ T cells, with a limited impact on CD8+ T cells

Next, we investigated whether ART could rectify the skewed functional profile observed during viremic HIV infection. We performed pairwise

comparisons for participants with longitudinal follow-up and available pre- and post-ART leukapheresis samples (Table S1 and Figures S7A–

S7C). The pairwise comparisons did not reveal statistically significant changes in global CD4+ and CD8+ cytokine T cell responses after ART,
10 iScience 27, 110947, October 18, 2024



A

D

E F G H

C

B

ll
OPEN ACCESS

iScience 27, 110947, October 18, 2024 11

iScience
Article



Figure 6. Untreated PWH’s CD4+ and CD8+ T cells show skewed effector functions

Multivariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of aAPCs stimulation of purified T cells at the 1:4:0 (aCD3:aCD28:IgG;

aCD3+aCD28 aAPCs) ratio. UD and UNT participants are herein qualitatively compared. Cytokine+ CD4 and CD8 cells are identified by Boolean ORgate

gating, downsampled to 1000 cell per participant per condition, concatenated, and then analyzed as follows.

(A) Multiparametric UMAP representation of cytokine+ CD4+ and CD8+ T cells from UD or UNT, based on IL-2, IFNg, TNF⍺, CD107a, and IL17A expression after

stimulation with aAPCs (aCD3:aCD28:IgG 1:4:0). The colors identify the same 17 populations clustered by unsupervised analysis in Figure 3. The CD4+ and CD8+

categorical phenotypic information was reintroduced post-hoc.

(B) Heatmap summarizing the MFI of each parameter for each cluster (replicate of Figure 3B panel).

(C and D) Proportion of each cluster in the total, ORgate-defined cytokine+ population of (C) CD4+ T cells and (D) CD8+ T cells.

(E and F) Global PCA analysis (on the left) was done with the proportion cytokine+ (E) CD4+ or (F) CD8 + activated T cell clusters distinguishing UD (yellow) and

UNT (red) participants. The percentage on the x and y axes represents the variance attributed to PC1 and PC2, respectively. On the right, histograms depicted the

PC1 and PC2 values between the groups are shown.

(G and H) Spearman correlations between each individual cytokine and the PC1 values (*p < 0.05, **p < 0.01, ***p < 0.001) for (G) CD4 and (H) CD8. In (C–F),

Mann-Whitney test results are shown. In (A–H), UD n = 12, UNT n = 13. In (C–F), error bars represent the interquartile range.
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either with aCD3 alone or with CD28 co-stimulation (Figures 7A and 7B), beside slightly increased cytokine-positive CD4+ T cell response to

CD3 and CD28 co-stimulation in ART (Figures S7D and S7E). The residual cytokine response without CD28 was globally comparable before

and after treatment (Figures 7C and 7D). This also held true for each individual cytokine assessed (Figures 7E and 7F).

Given that CD28 expression may influence dependence on co-stimulation, and that UNT have different memory subset compositions

compared to UD (Figures S5F and S5G), we assessed CD28 expression in memory subsets from UNT and ART cohorts (Figures S7F–S7I).

In CD4+ T cells, almost 100% of TN, TCM, and TTM expressed CD28, but TEM and TEMRA had fewer CD28+ cells in both UNT and ART co-

horts. CD8+ T cells showed similar tendencies, asmore differentiatedmemory cells had a lower proportion of CD28+ cells. However, the CD28

expression level per cell was similar between subsets, except for TN, which had slightly lower CD28 expression per CD28+ cell.

We subsequently verified if the unsupervised analysis could reveal subtle qualitative differences between the effector profiles in UNT and

ART (Figures 7G–7I). Following ART, some modest yet significant alterations were observed in the proportions of CD4+ T cell clusters, with

higher proportion of some IL-2+ clusters (C12 and C15), and lower TNF+ and CD107a+ clusters (C2, C3, C4, C6, and C11) (Figure 7H). These

combined alterations reflected a partial yet significant normalization of the CD4+ T cell effector functions, as the ART group is located away

from the UNT linearly along the PC1 axis toward the UD group on the PCA analysis plot (Figure 7J). After ART, IL-2+ CD8 clusters were also

increased (C12 andC15), and TNF+ andCD107a+ CD8 clusters decreased (C6, C8 andC11) (Figure 7I). These subtle alterations were sufficient

to differentiate pre-ART and post-ART samples. However, this separation occurred along the PC2 axis, suggesting that these changes did not

represent a normalization toward the UD group (Figure 7K).

These unsupervised analyses reveal that post-ART, global cytokine responses remain consistent, with treatment partially restoring CD4+

T cell cytokine profiles, while CD8+ T cell responses display limited changes.

DISCUSSION

In this study, we developed a versatile and convenient artificial Antigen-Presenting Cell (aAPC) system compatible with flow cytometry. It ac-

commodates brief stimulation periods, fluid interfacing surfaces, and is tunable in terms of agonist antibody densities, as well as aAPC-to-cell

ratios. This reductionist model enabled us to characterize in-depth the role of CD28 co-stimulation in primary CD4+ and CD8+ T cells isolated

from blood samples, elucidating the varying levels of dependence of individual effector functions and secondary-wave activation molecules

on this essential secondary signal. In control donors, our system highlights CD28’s preferential enhancement of IL-2 expression and how this

modulation shapes the elicited response profile, favoring it over other cytokines. Additionally, our analyses revealed that CD4+ and CD8+

T cells from viremic UNT prior to ART initiation exhibited a skewed orientation toward TNF⍺, IFNg, and CD107a expression while diverging

from IL-2 production. Expression of TNFa and IFNg upon sole CD3 stimulation was relatively better preserved in viremic UNT compared to

controls, in contrast to a more pronounced dependence on CD28 co-stimulation for IL-2 production. Importantly, this functional imbalance

was only partially rectified by ART in CD4+ but not in CD8+ T cells.

Our artificial aAPC system induced robust T cell activation, with over 90% of CD4+ and CD8+ T cells expressing CD69 within just 15 h of

stimulation, resulting in stronger activation than that achieved by directly cross-linking the antibodies. Furthermore, both T cell phenotype

and viability were preserved following stimulation with aAPCs, unlike the results with magnetic CD3/CD28 beads, which in this experimental

setup delivered a strong activation signal but at the cost of surface marker distortion, low cell yield, and high cell mortality.

The ratio of aCD3 to aCD28 antibodies embedded in aAPCs played a pivotal role in optimal cytokine expression.While the agonistic effect

of aCD3 was fundamental, it reached a plateau swiftly in the absence of CD28 co-stimulation. In humans, inherited T cell CD28 deficiency

leads to severe cutaneous lesions due to human papillomaviruses and moderate impairment of humoral responses, yet appear otherwise

usually healthy.67 This underscores the redundant nature of the co-stimulation process in vivo. For instance, murine studies in mice showed

that CD27/CD70 signaling can substitute for CD28/B7 in LCMV-specific CD8+ T cell expansion,68 while another study showed that 4-1BBL

could replace anti-CD28 as a co-stimulator.69

Our data indeed indicate that co-stimulation is necessary to optimally activate memory CD4+ and CD8+ T cells. This is consistent with mu-

rine studies that have demonstrated the essential role of CD28 in the recall responses of CD4+ and CD8+ T cells and subsequent viral clear-

ance.70,71 However, the extent of CD28 co-stimulation required depends on the differentiation state of the cell and was particularly important
12 iScience 27, 110947, October 18, 2024
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Figure 7. ART initiation in PWH partially normalizes cytokine profiles in CD4+ T cells, with limited impact on CD8+ T cells

(A–F) Univariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of aAPCs stimulation of purified T cells from UNT versus ART participants.

(A and B) Comparison of total, ORgate-identified, background-subtracted, net cytokine+ (A) CD4+ or (B) CD8+ T cell responses in the UNT and ART cohorts after

activation by aAPCs. Both 1:0:4 (aCD3:aCD28:IgG; aCD3 aAPCs, left panel) and 1:4:0 (aCD3:aCD28:IgG; aCD3+aCD28 aAPCs, right panel) stimulations are

shown.

(C and D) Comparison of residual signal in the absence of CD28 co-stimulation of total cytokine+ (C) CD4+ or (D) CD8+ T cells between UNT and ART.

(E and F) Comparison of residual signal in the absence of CD28 co-stimulation in CD4+ (E) or CD8+ (F) T cells between UNT and ART for each individual cytokine.
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Figure 7. Continued

(G–K) Multivariate analyses of cytokine expression in CD4+ and CD8+ T cells after 15h of 1:4:0 (aCD3:aCD28:IgG; aCD3 aCD28 aAPCs) stimulation of purified

T cells fromUNT versus ART participants, following the same pipeline analyses as in Figures 3 and 6. The CD4+ and CD8+ categorical phenotypic information was

reintroduced post-hoc. (G) Multiparametric UMAP representation of cytokine+ CD4+ and CD8+ T cells from ART, based on IL-2, IFNg, TNFa, CD107a, and IL17A

expression after stimulation with aAPCs (aCD3:aCD28:IgG 1:4:0). The colors identify 17 populations clustered by unsupervised analysis using Phenograph. (H and

I) Proportions of clusters among cytokine+ (H) CD4+ and (I) CD8+ T cells in UNT vs. ART.

(J and K) Global PCA analysis (on the left) was done with the proportion of clusters in cytokine+ (J) CD4+ or (K) CD8 + activated T cells. The percentage on the x and

y axes presents the variance attributed to PC1 and PC2, respectively. On the right, plots of the PC1 and PC2 between groups are shown. In (A–K), UNT n= 13, ART

n = 13.Wilcoxon test was used for paired comparisons between UNT and ART. In (A), gray borders represent responses <0.01% that could not be represented on

the logarithmic scale and hence were given arbitrary values of 0.01%.
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for naive and central memory cells. These less differentiated cells may require stronger co-activation signal to counter their relative quies-

cence, whereas effector memory and terminally differentiated cells are likely already poised for reactivation.

Co-stimulation is often understood as a mechanism for TCR signal amplification. Nevertheless, apart from globally increasing the expres-

sion of cytokines and activation markers, our data show that CD28 co-stimulation exerts a nuanced influence on the effector functions. Spe-

cifically, IL-2, IFNg, TNFa, CD40L, OX40, and ICOS are preferentially promoted by CD28 compared to CD107a, IL17A, 4-1BB, and CD69. We

observed that CD28 co-stimulation enriches certain T cell subpopulations that share IL-2 expression as a common feature. Indeed, CD28 is

known to promote IL-2 expression by enhancing its transcription72,73 and stabilizing its mRNA.74 Additionally, CD28 has been found to induce

DEC1, a transcription factor controlling IL-2 and IFNg production.75 Taken together with our findings, these studies suggest that CD28 co-

stimulation can selectively promote the transcription of defined effector molecules. Alternatively, CD28 may more broadly impact cells

committed to transcriptional programs that include certain functions, such as IL-2 and CD40L expression. The higher dependence on

CD28 in the CD4+ T cell lineage and in less differentiated cells is consistent with this interpretation. We cannot exclude that the dependence

for CD28 co-stimulation can also be linked to the level of expression CD28. The lower dependence of TEMRA cells for CD28 co-stimulation

coincides with their lower expression of surface CD28, which is consistent with this possibility (Figures S2K–S2M and S7F–S7M).76,77 However,

TEM and TCM expressed identical levels of CD28 yet were distinctly dependent onCD28 co-stimulation. Moreover, the different dependencies

of the tested cytokines for CD28 suggest that other cellular features also play a role, such as the composition of the T cell population and

possibly the expression of co-stimulatory and inhibitory receptors.

Compared to uninfected individuals, CD4+ and CD8+ T cells from UNT exhibited a greater overall responsiveness to the first signal given by

aCD3, which could be attributed to the higher production of IFNg andTNFa in response to aCD3. Conversely, we observed an increaseddepen-

dency on CD28 for IL-2 in UNT. These altered dependencies on CD28 co-stimulation, seen in both naive andmemory subsets, resulting in a dis-

torted effector function profile characterized by increased frequencies of IFNg and TNFa-expressing CD4+ and CD8+ T cell subsets, at the

expense of IL-2-expressing subpopulations. Thedecreased IL-2 expressionduringHIV infection alignswith earlier reports onmitogen-stimulated

PBMCs (such as phytohaemagglutinin PHA or PMA) from UNT.78–81 Mitogen stimulation circumvents the TCR, which suggests that the altered

effector profiles observed may stem from TCR-independent downstream signaling or mechanistic alterations that remain to be identified.

The precise molecular mechanisms underpinning the skewing of non-specific T cell effector functions during HIV infection remain

incompletely understood. HIV variably affects CD4+ T cell lineages and anatomic compartments, such as the preferential depletion of

Th17 cells in the gut mucosa. This may lead to a preferential representation of other subsets in PWH.82 Conversely, some populations

are better restored during ART.83,84 During HIV infection, the upregulation of immune checkpoints such as PD-1, CTLA-4, and Tim-

323,85,86 is not restricted to HIV-specific responses but is broadly present in T cell subsets, which may contribute to dysfunction in vivo.

Our engineered aAPCs bypass these pathways, as in contrast to natural APCs, they do not contain the corresponding ligands and interact

with purified T cells. Therefore, while our data suggest T cell-intrinsic mechanisms, we cannot exclude the possibility that such signals trig-

gered in vivo may have downstream effects in our assays. Consistent with this interpretation would be the epigenetic scars emerging from

the persistent engagement of the PD1/PDL1 axis.87,88 Other possible mechanisms include the persistent exposure to microbial products

leaking from compromised intestinal barrier,32 co-infection by cytomegalovirus (CMV) and Epstein-Barr virus (EBV),89 and residual expres-

sion of HIV products,90 which all contribute to a higher pro-inflammatory environment during ART. This may favor the expansion and main-

tenance of specific T cell subsets.91

Our data clarify the role of CD28 co-stimulation as amechanismmodulating both themagnitude and nature of effector functions triggered

upon TCR-mediated activation in primary human blood cells. We observed distinct CD4+ and CD8+ T effector profiles during chronic HIV

infection. Notably, these alterations were not specific to a specific pathogen. This skewing may undermine T cell responses against diverse

antigens, thereby potentially contributing to HIV-associated co-morbidities.92,93 Indeed, this non-specific skewing may introduce another

layer of dysfunction whose impact, combined with HIV-specific CD4+ and CD8+ T cell impairment, could partially account for the well-docu-

mented residual immune dysfunction that persists despite ART (reviewed in94). Deciphering how these defects intertwine will be key to better

understanding immune dysfunction during HIV infection.

Limitations of the study

Our experiments do not explore the contribution of othermolecules that could compensate for suboptimal CD28 co-stimulation. Through the

interaction of other agonistic antibodies or recombinant ligands, our aAPC system could be customized to specifically assess the involvement

of other co-stimulatory or co-inhibitory molecules that modulate TCR signaling. This would necessitate the pre-emptive stimulation of T cells,
14 iScience 27, 110947, October 18, 2024
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as most co-stimulatory molecules, apart from CD28, are not constitutively expressed on T cells but are expressed following a secondary wave

of co-signaling molecules.57–61

Sincemany non-Th1 cytokine proteins are challenging to detect by flow cytometry, alternative readout approaches should be considered.

Further studies should define alterations in the expression of other cytokines and chemokines not measured here, such as those preferentially

produced by follicular helper T cells.17 Some factors, such as age, sex, and co-morbidities, are known to influence the immune system,95–97 but

could not be investigated in this study due to the nature and size of the groups we examined.

The 1:4 (aCD3:aCD28) ratio was empirically determined. No ultrastructural studies were performed to verify the stochiometric implication

of this ratio. It should not be interpretated as the necessity of 4 molecules of CD28 to ensure the co-stimulation of 1 molecule of CD3, as other

factors such as antibody affinity can explained these empirically determined ratios.

Immune recovery during ART is variable, with a subpopulation of PWH presenting suboptimal CD4 T cell recovery, expansion of the CD8

compartment, and/or heightened inflammation despite optimal viral suppression. The aAPC system presented here could be used to

compare immunological responders and non-responders in larger cohorts to identify features of persistent immune dysfunction on ART.
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Québec. T.S.K and A.L. are supported by a scholarship from Canada Graduate Scholarships – Master’s (CGS M) program, as well as the FRQS for A.L. T.S.K
and E.A was supported by a PREMIER scholarship from Department of Medicine at University of Montreal. J.-P.R. is the holder of the Louis Lowenstein Chair
at McGill University. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the article.

AUTHOR CONTRIBUTIONS

T.S.K, M.D., andD.E.K. designed the study; K.P. and E.A. optimized the aAPC system; G.O.D provided assistance with assay protocols; T.S.K. and E.A. performed
the experiments; T.S. and A.L. analyzed the data; A.L performed the unsupervised analysis; T.S.K., M.D., N.S. and D.E.K. interpreted the data; T.S.K., M.D., and
D.E.K. wrote the initial draft of the article; all co-authors reviewed and edited the article; proofreading was accomplished by M.D., T.S.K., and D.E.K. AI-assisted
software was used to help with proofreading. N.S., M.D., and D.E.K. provided supervision.

DECLARATION OF INTERESTS

The authors declare no competing interests.

DECLARATION OF GENERATIVE AI AND AI-ASSISTED TECHNOLOGIES IN THE WRITING PROCESS

During the preparation of this work, and after having written a complete version of the text, the authors used GPT 4 from OpenAI and Grammarly in order to
improve language and readability, as they are not native English speakers. After using this tool, the authors reviewed and edited the content as needed and
take full responsibility for the content of the publication.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE
d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Ethics statement
B Study participants

d METHOD DETAILS
B Liposomes preparation
B Artificial APCs preparation
B PBMCs thawing, purification, and stimulation
iScience 27, 110947, October 18, 2024 15

mailto:daniel.kaufmann@chuv.ch
mailto:daniel.kaufmann@chuv.ch
https://github.com/alemi055/scripts-and-data/blob/master/ShaabanKabakiboetal_2024.R


ll
OPEN ACCESS

iScience
Article
B Crosslinking antibodies
B CD3/CD28 Dynabeads
B Intracellular cytokine staining (ICS)
B Activation-induced marker (AIM) assay
B Unsupervised clustering

d QUANTIFICATION AND STATISTICAL ANALYSIS
B Statistical analyses

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.110947.

Received: October 13, 2023

Revised: February 16, 2024

Accepted: September 10, 2024

Published: September 13, 2024
REFERENCES

1. Bretscher, P., and Cohn, M. (1970). A theory

of self-nonself discrimination. Science 169,
1042–1049. https://doi.org/10.1126/
science.169.3950.1042.

2. Garcia, K.C., Degano, M., Pease, L.R.,
Huang, M., Peterson, P.A., Teyton, L., and
Wilson, I.A. (1998). Structural basis of
plasticity in T cell receptor recognition of a
self peptide-MHC antigen. Science 279,
1166–1172. https://doi.org/10.1126/
science.279.5354.1166.

3. Coyle, A.J., and Gutierrez-Ramos, J.C.
(2001). The expanding B7 superfamily:
increasing complexity in costimulatory
signals regulating T cell function. Nat.
Immunol. 2, 203–209. https://doi.org/10.
1038/85251.

4. Linterman, M.A., Denton, A.E., Divekar,
D.P., Zvetkova, I., Kane, L., Ferreira, C.,
Veldhoen, M., Clare, S., Dougan, G., Espéli,
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

UCHT1 (BUV395) [Human anti-CD3] BD Bioscience Cat#563546; Lot: 1214287; RRID:AB_2744387

SK3 (BUV496) [Human anti-CD4] BD Bioscience Cat#612936; Lot: 2140305; RRID:AB_2870220

HI100 (BUV563) [Human anti-CD45RA] BD Bioscience Cat#612926; Lot: 1078217; RRID:AB_2870211

L128 (BUV661) [Human anti-CD27] BD Bioscience Ca#750167; Lot: 3021264; RRID:AB_2874372

NK-1 (BV421) [Human anti-CD57] Biolegend Cat#393326; Lot: B361783 ; RRID:AB_2860964

M5E2 (BV480) [Human anti-CD14] BD Bioscience Cat#746304; Lot 2286909; RRID:AB_2743629

HIB19 (BV480) [Human anti-CD19] BD Bioscience Cat#746457; Lot: 2286911; RRID:AB_2743759

RPA-T8 (BV570) [Human anti-CD8] Biolegend Cat#301038; Lot: B346256; RRID:AB_2563213

H4A3 (BV786) [Humananti-CD107a] BD Bioscience Cat#563869; Lot: 1207206; RRID:AB_2738458

Mab11 (AF488) [Human anti-TNF⍺] Biolegend Cat#502915; Lot: B311742; RRID:AB_493121

FN50 (PerCPeF710) [Human anti-CD69] ebioscience Cat#46-0699-42; Lot: 2514279; RRID:AB_2573694

REA1063 (PE) [Human anti- IL17a] Miltenyi Cat#130-118-243; Lot: 1323010976;

RRID:AB_2751466

MQ1-17H12 (PE-Dazzle594) [Human anti-IL-2] Biolegend Cat#500344; Lot:B351592; RRID:AB_2564091

(PE-Cy7) [Human anti-IFNg] BD Bioscience Cat#557643; Lot: 1229911; RRID:AB_396760

2-L1-A (APC-R700) [Human anti-CCR7] BD Bioscience Cat#566766; Lot: 2257402; RRID:AB_2869856

TRAP1 (APC) [Human anti-CD40L] BD Bioscience Cat#555702; Lot: 2010706; RRID:AB_398610

LIVE/DEAD Fixable dead cell BD Bioscience Cat#L34960 ;Lot:2433781

CD28.2 (BUV737) [Human anti-CD28] BD Bioscience Cat#612815; Lot: 2251073; RRID:AB_2870140

EH12.2 (BB515) [Human anti-PD-1] BD Bioscience Cat#564494; Lot: 2101875; RRID:AB_2738827

FN50 (BV650) [Human anti-CD69] Biolegend Cat#310934; Lot:B360356; RRID:AB_2563158

MBSA43 (PerCPeF710) [Human anti-TIGIT] Invitrogen ebioscience Cat#46-9500-42; Lot:2402674; RRID:AB_10853679

4B4-1 (PE-Dazzle594) [Human anti-4-1BB] Biolegend Cat#309826; Lot:B349385; RRID:AB_2566259

ISA-3 (PE-Cy7) [Human anti-ICOS] Invitrogen ebioscience Cat#25-9948-42; Lot: 2338678; RRID:AB_1518754

ACT35 (APC) [Human anti-OX40] BD Bioscience Cat# 563473; Lot: 2026053; RRID:AB_2738230

TRAP (PE) [Human anti-CD40L] BD Bioscience Cat#555700; Lot: 0357889; RRID:AB_396050

CD3 Antibody, anti-human, Biotin functional grade Miltenyi Cat#130-093-377; Lot: 5210202091;

RRID:AB_1036126

Biotin anti-human CD28 Biolegend Cat:302904; Lot: B394472; RRID:AB_314306

Biotin Mouse IgG1, k Isotype Ctrl Antibody Biolegend Cat#400104; Lot: B350305; RRID:AB_326427

Purified Goat anti-mouse IgG

(minimal x-reactivity) Antibody

Biolegend Cat# 405301; Lot: B343022 RRID:AB_315005

Chemicals, peptides, and recombinant proteins

Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

Silica microspheres Bangs Laboratoreis Cat# SS05003 ; Lot: 16497

Srteptavidin Jackson ImmunoResearch Cat#016-000-084;

Lot: 154826

18:1 (D9-Cis) PC (DOPC) Avanti polar (via sigma) Cat# 850375C-200mg

18:1 DGS-NTA(Ni) Avanti polar (via sigma) Cat# 790404C-10mg

18:1 Biotinyl Cap PE Avanti polar (via sigma) Cat#870273C-25mg

RPMI 1640 GIBCO by Life Technologies Cat# 11875-119

(Continued on next page)
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HEPES Invitrogen Cat# 15630-080

Penicillin-Streptomycin GIBCO by Life Technologies Cat# 15140-122

Nuclease S7 from Staphylococcus aureus Roche Diagnostics Cat# 12344000

Bovine Serum Albumin Sigma-Aldrich Cat#A2153-50G CAS#9048-46-8

BD GolgiStop (Monensin) BD Bioscience Cat# 554724

BD GolgiPlug (Brefeldin A) BD Bioscience Cat#555029

FcR Blocking Reagent, human Miltenyi Cat#130-059-901

Invitrogen� UltraPure� Tris Buffer (powder format) Invitrogen Cat#15504020

Critical commercial assays

EasySep Human T Cell Enrichment Kit StemCell Cat# 19051_C

Dynabeads Human T-Activator CD3/CD28 - for

physiological activation of human T cells

ThermoFisher Cat# 11161D; Lot:2860963;

RRID:AB_2916088

Deposited data

Original code is deposited at N/A ‘‘Original Code : https://github.com/alemi055/

scripts-and-data/blob/master/

ShaabanKabakiboetal_2024.R’’

Software and algorithms

Flow Jo v10.8.0 Flow Jo https://www.flowjo.com

GraphPad Prism v8.4.1 GraphPad https://www.graphpad.com
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

All work was conducted in accordance with the Declaration of Helsinki regarding informed consent and approval by an appropriate institu-

tional board. Leukaphereses were obtained from study participants at the Montreal General Hospital, Montreal, Canada and at the Centre

Hospitalier de l’Université de Montréal (CHUM) in Montreal, Canada. The study was approved by the respective Institutional Review Boards

(IRB CHUM: 17.335) and participants gave written informed consent prior to enrollment. Samples were collected between 2013 and 2019 as

part of a multicentric study (MP-37-2018-4029).

Study participants

Subject characteristics are summarized in Table S1. Uninfected donors (UD) are free of HIV-1 infection. UntreatedHIV participants had plasma

viral loads of at least 5000 copies/ml (except for one at 2700 copies/mL), had been documented by blood testing to live with HIV for at least

threemonths, and were either untreated or off ART for at least 3months at the time of collection of the ‘‘Pre-ART’’ sample. Longitudinal ‘‘Post-

ART’’ samples were collected in these same subjects after at least 6 months on ART and achieving controlled viremia (<50 vRNA copies/mL).

PBMCs were isolated from blood samples by Ficoll density gradient centrifugation and cryopreserved in liquid nitrogen until use.

METHOD DETAILS

Liposomes preparation

DOPC, Cap biotin PE and Ni-NTA DOGS lipids were purchased from Avanti Polar Lipids at stock concentrations of 25 mg/mL (DOPC) or

10 mg/mL (biotin-PE and Ni-NTA DOGS) in chloroform layered in argon and stored at -20�C upon receipt (Cat #850375C, #870273C, and

#790404C respectively). All lipid solutions were always stored under argon to avoid oxidation. Chloroform solutions of lipids were mixed

to obtain a final 4 mM DOPC solution after hydration with DOPC (98%), Cap biotin PE (2%) and Ni-NTA (6.25%) (molar ratios). Lipids were

first dried under nitrogen stream and left to completely dry for 2h. The dry lipid film was rehydrated in nitrogen-purged Tris-saline for

30 min at room temperature until the solution became homogenous. The unilamellar liposomes were passed 10 times through a polycarbon-

ate membrane (0.1 mm) in an extruder (Avanti Polar Lipids, Cat #610000) to produce bilayered liposomes (LUVs). The liposome solution was

then diluted 10 times to obtain the working stock solution.

Artificial APCs preparation

aAPCs were freshly prepared on the day of stimulation. All centrifuging was done at 600g for 2 min at room temperature. Lipid bilayered

aAPCs were obtained by washing 5-mm silica beads (Bangs laboratories, Cat #SS06N) twice with water, then vigorous vortexing with liposome
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bilayer suspension (2 mL of 1X liposomes solution per 1 mL (1M/mL) of beads) during four sequences of 10 seconds each. Ligands addition and

quantities were adapted to experiment requirements and cells number required for flow cytometry each time. Briefly, the lipid-coated beads

were washed once with filtered HBS-BSA buffer and incubated with 4 mg/mL streptavidin (Jackson Immunoresearch, Cat #016-000-084) for

30min at room temperature, thenwashed again with HBS-BSAbuffer. Streptavidin coated beads were incubated 30min at room temperature

with anti-CD3-biotin (0.585 mg/mL) and anti-CD28-biotin (2.344 mg/mL) in HBS-BSA 1% buffer for a aCD3:aCD28 ratio 1:4. Concentrations of

aCD3 and aCD28 were adapted for different ratios, and the corresponding Isotype IgG concentration was complemented on suboptimal

aAPCs to reach an overall antibody concentration equivalent to that of the aCD3:CD28 1:4 ratio condition. Beads were finally washed with

HBS-BSA buffer and resuspended in the proper amount of HBS-BSA.

PBMCs thawing, purification, and stimulation

Frozen PBMCs were thawed in Fetal Bovine Serum (FBS) before total T cells isolation by negativemagnetic bead selection (EasySep�Human

T Cell Isolation Kit). Purified T cells were resuspended at 8 3 106/mL in RPMI (GIBCO by Life Technologies) supplemented with penicillin/

streptomycin (GIBCO by Life Technologies) and 10% of FBS, and rested for 2 hours. Two million purified T cells were stimulated with aAPCs

at a cell:bead ratio of 1:4. As a positive control, 2 million PBMCs were stimulated by 0.5 mL of 1 mg/mL SEB. PBMCs were used for SEB acti-

vation instead of purified T cells because SEB activity requires MHC on natural antigen-presenting cells.

Crosslinking antibodies

After resting, two million T cells [8 million/mL] were either left unstimulated or incubated with anti-CD3-biotin (1.5 ug/mL) and anti-CD28-

biotin (6 ug/mL) antibodies on ice for 15 minutes, followed by washig with the same culture media. Surface-bound antibodies were subse-

quently cross-linked using various concentrations of purified goat anti-mouse IgG (Poly4053). Cells were then incubated for 15 hours at 37�C.

CD3/CD28 Dynabeads

Dynabeads were first washed with phosphate buffered saline (PBS 1X) and resuspended in culture media at their original concentration

(4x107 beads/mL). After resting, twomillion T cells [8 million/mL] were either left unstimulated or incubated with Dynabeads at a cell-to-beads

ratio of 1:1 for 15h at 37�C. Before flow cytometric analysis, Dynabeads were removed using a magnet.

Intracellular cytokine staining (ICS)

Cell stimulation was carried out for 15h in the presence of mouse anti-human CD107a and anti-human CCR7 at 37�C and 5%CO2. Brefeldin A

and monensin (BD Biosciences, San Jose, CA) were added 1h after stimulation. Following stimulation, cells were washed by PBS 1X, and

stained for a viability dye (Aquavivid, Thermo Fisher scientific, Waltham, MA) for 20 min at room temperature in PBS. Cells were then stained

for surface markers (CD3, CD4, CD45RA, CD27, CD57, CD8, CD19, CD14) for 30 min at 4�C. This was followed by intracellular detection of

cytokines (IL-2, IFNg, TNFa, CD107a, IL17A) using the IC Fixation/Permeabilization kit (Thermo Fisher scientific, Waltham, MA), according

to the manufacturer’s protocol. Cells were acquired on a Symphony flow cytometer (BD Biosciences) and analyzed using FlowJo

v10.8.1 software. Antibodies used are listed in Table S2. To calculate the degree of dependence on CD28, we used this formula :

Residual signal without CD28 = cytokine+cells activated by CD3 aloneðaCD3:aCD28:IgG 1:0:4Þ
cytokine+cells activated by CD3+CD28ðaCD3:aCD28:IgG 1:4:0Þ.

To correct for CD4 counts in UNT and ART in each participant, we used this formula : Net cytokine+cells=mm3 = ½% cytokine+cells�3
½CD4 cells count =mm3�.

Activation-induced marker (AIM) assay

The AIM assay was performed as previously reported.98 Cells were stimulated for 15h at 37�C and 5% CO2 in the presence of anti-human

CCR7. Following stimulation, cells were washed by PBS 1X, and stained for a viability dye (Aquavivid, Thermo Fisher scientific, Waltham,

MA) for 20 min at room temperature in PBS. Cells were then stained for surface markers (CD3, CD4, CD45RA, CD27, CD57, CD14, CD19,

CD8, CD28, PD-1, CD69, TIGIT, 4-1BB, ICOS, OX40, CD40L) for 30 min at 4�C, and fixed using 2% paraformaldehyde (Sigma-Aldritch,

15min, RT) before acquisition on a Symphony flow cytometer (BD Biosciences) and analyzes using FlowJo BD v10.8.1 software. For total

PBMCs conditions, a CD40 blocking antibody (Miltenyi) was added in culture to prevent the interaction of CD40L with CD40 and its subse-

quent downregulation. Antibodies used are listed in Table S3.

Unsupervised clustering

Unsupervised analyses were performed on CD4+ and CD8+ T cells from UD, UNT, and ART donors that were activated by the aCD3:

aCD28:IgG ratios of 1:0:4, 1:1:3, and 1:4:0. These data were first downsampled to an equal number of events (1,000 cells), and FCS files

were loaded through the flowCore package (v2.10.0).99 Scaling and logicle transformation of the flow cytometry data was applied using

FlowSOM (v2.6.0),100 as done previously.52,101 The uniform manifold approximation and projection (UMAP) algorithm was performed using

the R package M3C (v1.20.0),102 while the clustering was achieved using Phenograph (v0.99.1)56 with the k parameter (number of nearest-

neighbors) set to 400. Cytokines were the only parameters used for clustering. Therefore, no cells were clustered based on the expression

of any surface marker, such as CD4 and CD8. We obtained 17 clusters. All samples of CD4+ and CD8+ activated T cells by aCD3:aCD28:IgG
22 iScience 27, 110947, October 18, 2024
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ratios of 1:0:4, 1:1:3, and 1:4:0, from the three cohorts (UD, UNT and ART) were loaded for clustering to form a single Multiparametric UMAP.

The identification of T cell clusters relied solely on cytokine expression, and the phenotypic CD4 and CD8 information was reintroduced post-

hoc using categorical single-cell phenotypic information. Therefore, CD4+ and CD8+ T cells could be subsequently displayed separately. For

example, in the first panel of Figure 3A (CD4 1:0:4), we only visualized CD4+ T cells activated by an aCD3:aCD28:IgG ratio of 1:0:4. Heatmaps

were also generated in R (v4.2.2) using the packages gglot2 (v3.4.0)103 and pheatmap (v1.0.12).104 To accommodate cytokines with rare

expression, the heatmaps were scaled by individually normalizing the values of each cytokine between 0 and 1, using their respective min-

imum and maximum values. The R code scripted for this paper is available at ‘‘original code: https://github.com/alemi055/scripts-and-

data/blob/master/ShaabanKabakiboetal_2024.R’’.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses

Symbols represent biologically independent samples fromUD, UNT and ART donors. Lines connect data from the same donor. Differences in

responses for the same patient before and after ART treatment or from different activation conditions were assessed using Wilcoxon

matched-pair tests. Differences in responses between UD and UNT were measured by Mann-Whitney tests. Wilcoxon and Mann-Whitney

tests were generated using GraphPad Prism (version 9.2.0). p values < 0.05 were considered significant. p values are indicated for each com-

parison assessed. For graphical representation on a log scale (but not for statistical tests), null values were arbitrarily set at the minimal values

for each assay.
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