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analyzing four AIMs instead of the usual
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specific CD4+ T cells while enabling
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reduces quantification and phenotyping

biases caused by single AIM pairs.
ll

mailto:mathieu.dube.chum@ssss.gouv.qc.ca
mailto:daniel.kaufmann@chuv.ch
https://doi.org/10.1016/j.crmeth.2023.100690
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crmeth.2023.100690&domain=pdf


OPEN ACCESS

ll
Article

Enhanced detection of antigen-specific
T cells by a multiplexed AIM assay
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MOTIVATION Detection of circulating antigen (Ag)-specific T cells ex vivo is hampered by their low fre-
quency and heterogeneity. The use of conventional cytokine-based approaches limits identification of
some subsets such as T follicular helper (Tfh) cells, whose cytokines are difficult to detect. Flow cytometric
activation-induced marker (AIM) assays, which work by measuring the upregulation of surface markers
following T cell receptor (TCR) stimulation, are highly sensitive, cytokine-agnostic alternatives to detect
Ag-specific T cells. However, they generally involve a single AIM pair. This absence of a consensus combi-
nation of molecules makes comparison between studies challenging. Many AIM pairs are also unable to
detect Ag-specificCD4+ andCD8+ T cells simultaneously. Additionally, while expression of specificmarkers
is expected to vary among T cell lineages and across antigens, side-by-side comparisons are lacking. We
intend to develop an AIM assay that would mitigate these biases in the detection of infection- and vaccine-
induced Ag-specific T cells.
SUMMARY
Broadly applicable methods to identify and characterize antigen-specific CD4+ and CD8+ T cells are key to
immunology research, including studies of vaccine responses and immunity to infectious diseases. We
developed amultiplexed activation-inducedmarker (AIM) assay that presents several advantages compared
to single pairs of AIMs. The simultaneous measurement of four AIMs (CD69, 4-1BB, OX40, and CD40L) cre-
ates six AIM pairs that define CD4+ T cell populations with partial and variable overlap. When combined in an
AND/OR Boolean gating strategy for analysis, this approach enhances CD4+ T cell detection compared to
any single AIM pair, while CD8+ T cells are dominated by CD69/4-1BB co-expression. Supervised and unsu-
pervised clustering analyses show differential expression of the AIMs in defined T helper lineages and that
multiplexing mitigates phenotypic biases. Paired and unpaired comparisons of responses to infections
(HIV and cytomegalovirus [CMV]) and vaccination (severe acute respiratory syndrome coronavirus 2
[SARS-CoV-2]) validate the robustness and versatility of the method.
INTRODUCTION

Antigen (Ag)-specific CD4+ and CD8+ T cells play a critical role

in immune responses against viral infections.1–3 While CD8+ T

lymphocytes kill cells infected with intracellular pathogens via

their cytotoxic activity, CD4+ T cells produce cytokines that

modulate the functions of other cells. CD4+ T cells include

subsets like T follicular helper (Tfh) cells, whose interaction

with B cells is critical to regulate the antibody response;
Cell Re
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Th1, constituting important immune responses against viruses

and other intracellular pathogens; and Th17 and Th22, impli-

cated in mucosal immunity.4–6 However, the direct detection

of circulating Ag-specific T cells ex vivo is hampered by both

their relatively low frequency and their heterogeneity.7,8 Typi-

cally, pathogen-specific T cells are detected with conventional

cytokine-based approaches such as intracellular cytokine

staining (ICS) or enzyme-linked immunosorbent spot

(ELISpot).9 However, their use can bias the sampling of
ports Methods 4, 100690, January 22, 2024 ª 2023 The Authors. 1
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subsets like Tfh cells, whose cytokines are more difficult to

detect.7,10,11

To overcome these limitations, the flow cytometric activation-

inducedmarker (AIM) assay, whichmeasures the upregulation of

selected surfacemarkers following T cell receptor (TCR) stimula-

tion after encounter with the cognate Ag, was developed.7,12–14

AIM assays rely on molecules that are quickly upregulated at

the cell surface. In contrast to soluble cytokines, these mem-

brane-associated markers do not need to be chemically trapped

inside the cells, as done in ICS and related methods, thus

allowing identification and, for specific downstream analyses,

sorting of live cells. Moreover, while the AIM assay is a functional

assay, as it requires the activation of the cell through its TCR, it

is a robust and highly sensitive alternative for cytokine-indepen-

dent detection of Ag-specific T cells.7,12,13,15 In the past,

single AIMs,8,16–18 or single pairs of AIMs including, but

not restricted to, CD40L+CD200+,18 OX40+CD25+,7,14,19,20

CD69+CD40L+,7,14,20–24 CD69+OX40+,14,25,26 or CD69+4-

1BB+,14,24,26–29 have been used to detect T cells of different

specificities. These molecules were specifically chosen for their

known induction on activated T cells after TCR activation. How-

ever, there are limitations to using single AIM pairs: the absence

of a consensus combination of molecules across the literature

makes it difficult to compare between studies. The commonly

used CD69+CD40L+ assay, which works well on blood samples,

cannot be used in lymphoid tissues, as CD69 is physiologically

expressed at high levels on germinal center (GC) Tfh cells.15

Many pairs of AIMs are also unable to detect Ag-specific CD4+

and CD8+ T cells simultaneously.

Here, we assessed in depth a multiplexed version of an AIM

assay used in recent studies.30–34 This assay integrates and

co-analyzes four AIMs—CD69, 4-1BB (CD137), OX40 (CD134),

and CD40L (CD154)—rather than two. We examined if this assay

could overcome the possible biases related to the selection of a

single pair of AIMs. We assessed the efficiency of the approach

to capture HIV-specific CD4+ andCD8+ T cells and examined the

additional coverage provided by each AIM pair. We evaluated

whether the AIMs were preferentially expressed on CD4+

T cells expressing defined lineage markers. We compared the

observed profiles to T cell responses specific for another chronic

virus (cytomegalovirus [CMV]), as well as those induced by se-

vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

vaccination.

RESULTS

The multiplexed AIM assay improves detection of HIV-
and CMV-specific CD4+ T cells
We first studied the ability of the multiplexed AIM assay to profile

HIV-specific CD4+ and CD8+ T cell responses. We examined the

co-expression patterns of CD69, 4-1BB, OX40, and CD40L on

T cells after a 15 h stimulation with HIV Ags.34 The 15 h stimula-

tion was selected as a compromise for the different time frames

used for single-pair assays relying on CD40L (9 h being optimal,

as it is upregulated early)7,35 and OX40 (up to 24 h being

optimal).7,36,37 We focused on a cohort of 16 people with HIV

(PWH) on suppressive antiretroviral therapy (ART) with <40

plasma viral RNA (vRNA) copies/mL (Table S1). The four activa-
2 Cell Reports Methods 4, 100690, January 22, 2024
tion markers can be combined to form six different AIM pairs

post hoc to infer Ag specificity (Figures 1A, S1A, and S1B).

AIMs, as functional molecules, may or may not be expressed

by certain Ag-specific T cells. We hypothesized that combining

multiple pairs would provide a more representative sampling of

Ag-specific CD4+ and CD8+ T cells. On the other hand, CD4+

andCD8+ T cells are often polyfunctional20,38–40 and can express

more than one AIM pair, with sizable overlap between cell sub-

populations. To measure the total Ag-specific responses, we

therefore used an AND/OR Boolean combination gating strategy

ensuring that AIM+ cells are counted only once. In the example

provided in Figure 1B about CD69+CD40L+ and CD69+OX40+

CD4+ T cells, the combined signal would be 0.75% (Boolean

OR gating) and not 1.05% (sum of frequencies), as there was a

0.30% redundancy between those two pairs.

We used the multiplexed AIM assay (henceforth termed

‘‘6xAIM’’) to broadly detect HIV-specific CD4+ and CD8+

T cells, as done previously.21,22,41 We measured AIM+ T cell re-

sponses following an ex vivo 15 h stimulation of cryopreserved

peripheral blood mononuclear cells (PBMCs) with overlapping

peptide pools spanning the HIV Gag, Pol, Envelope (Env), and

Nef proteins (Figure 1C). To examine whether the patterns of

AIM expression observed for HIV-specific T cell responses

were specific to this pathogen or generalizable to other viral in-

fections, we measured in parallel the responses against CMV,

a life-long infection highly prevalent in PWH.42 As CMV-specific

CD4+ T cells are known to be more terminally differentiated,43

we hypothesized that the hierarchy of AIM pairs might differ

from HIV-specific CD4+ T cells. We studied the same cohort of

PWH, excluding one donor who was negative for CMV

(Table S1). This allowed paired, intrahost comparisons of CD4+

and CD8+ T cells specific for two viruses (Figure 1D). As CMV

is a large virus encoding numerous proteins, we focused on re-

sponses to the lower matrix protein pp65. The variations be-

tween technical replicates (Figure S1C) and independent exper-

iments (Figure S1D) were low, indicating good reproducibility of

the AIM assay.

The false positive rate is an inherent limitation of any functional

assay. Bystander activation was found to be minimal in standard

AIM assays relying on OX40+CD25+ and CD69+CD40L+.7 We

tested if the integration of multiple AIM pairs increased the false

positive signal due to bystander activation. We collected super-

natants from a primary AIM assay (AIM #1) conducted on Gag-

stimulated PBMCs from ART participants and then performed

a second AIM assay (AIM #2) using the conditioned supernatants

to activate sentinel T cells from an HIV-naı̈ve participant (Fig-

ure S1E). The signal observed in AIM #2 remained similar to

the background in AIM #1, indicating minimal bystander activa-

tion in this setting (Figure S1F).

We subtracted the background signal (values of unstimulated

conditions, used as a negative control)7,13,17,19,21–23,41 to obtain

net responses (Figures S2A and S2B). To assess the ‘‘total’’

HIV-specific responses in the ART-suppressed cohort, we then

summed up the net Gag-, Pol-, Env-, and Nef-specific responses

(Figure S2A). We compared the magnitude of HIV-specific T cell

responses detected by each AIM pair as well as the 6xAIM multi-

plexed combination of the six AIM pairs (Figure 2A). Matched

comparisons using the Friedman test with Dunn’s correction
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Figure 1. Quantification of Ag-specific CD4+ and CD8+ T cell responses using Boolean OR gating

(A) Representative FACS plots depicting the multiplexed (6xAIM) strategy to identify Ag-specific CD4+ (orange gate) and CD8+ (blue gate) T cells. For simplicity,

the example focuses on the HIV Gag stimulation.

(B) FACS plots illustrating the AND/OR Boolean gating strategy. For simplicity, the example focuses on the AIM pairs CD69+OX40+ (blue population) and

CD69+CD40L+ (red population).

(C and D) Raw frequencies of (C) AIM+ CD4+ andCD8+ T cell responses following an ex vivo 15 h stimulation of PBMCswith a pool of HIVGag, Pol, Envelope (Env),

or Nef peptides, or (D) following stimulation with HCMVA pp65 peptides. PBMCs were left unstimulated as a control (gray bars). Numbers of responders reaching

>23 over the unstimulated condition are written below the histograms for each stimulation. The median 6xAIM values and Wilcoxon tests are shown. (C) n = 16

ART participants; (D) n = 15 CMV+ ART participants.
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revealed several statistically significant differences in these

magnitudes (Figure 2A). For HIV-specific CD4+ T cells, the

CD69+OX40+ andOX40+4-1BB+ responseswere of largermagni-

tudes, while the CD40L+4-1BB+ combination captured the least

cells. Only subtle differences were observed for CMV responses

when single AIM pairs were compared (Figure 2B). The multi-

plexed 6xAIM quantification consistently provided higher detec-

tion of HIV- and CMV-specific CD4+ T cell responses compared

to single AIM pairs. In contrast to Ag-specific CD4+ T cells, no

such hierarchy existed for CD8+ T cells. The multiplexed AIM+

CD8+ T cell response was strongly dominated by the CD69+4-

1BB+ combination. The detection provided by CD69+4-1BB+

was equivalent to the 6xAIM strategy (Figures 2A and 2B).

Direct side-by-side comparisons with AIM pairs that have

been extensively used in the past to detect Ag-specific CD4+
T cells, i.e., CD69+OX407,14,20–24 and CD69+CD40L+14,25,26

(Figures 2C and S2C), further demonstrated the benefit of the

6xAIM in terms of the magnitude of responses detected. AIM+

responses were, respectively, 1.9 and 3.2 times higher with the

6xAIM approach and reached significance with Wilcoxon

signed-rank tests. Despite the different kinetics of AIM markers,

the 6xAIM yielded the highest CD4+ T cell responses throughout

various stimulation durations commonly employed in standard

AIM assays, such as 9,7,21–23 15,30–34 and 24 h18,19,25,27,28 (Fig-

ure S2D). The 6xAIM analysis did not increase the false positive

signal due to bystander activation (Figure S2E).

Predictably, integrating multiple AIM pairs led to some in-

crease in background signal (Figure S2C). We next assessed if

the enhanced detection of Ag-specific CD4+ T cells achieved

by the 6xAIM came at the expense of a proportionally higher
Cell Reports Methods 4, 100690, January 22, 2024 3
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background. We calculated the ratio of the signal in the unstimu-

lated vs. Ag-stimulated conditions (Figure 2D). For individual

pairs, the background signal constituted a median of 5%–11%

of the stimulated signal. The median background level for

6xAIM was within that range, at 9%. Therefore, the 6xAIM

approach generates a background signal proportionally equiva-

lent to standard single AIM pairs.

Different pairs of AIMs can identify overlapping Ag-specific

T cell populations. To map this redundancy, we generated

combination gates, creating 64 (26 = 64) theoretical combina-

tions (Figure S2F). Each entry refers to a combination of pairs,

for example a population identifiable by all six pairs of AIMs

(indicated by ‘‘i’’ in Figure S2F), or a population only identifi-

able by CD69+4-1BB+ (indicated by ‘‘ii’’). Of all these combi-

nations, only a handful represented sizable fractions of HIV-

specific CD4+ and CD8+ T cells. For instance, none of the

HIV-specific CD4+ T cells exhibited exclusive positivity for

CD40L+4-1BB+ and CD69+OX40+, whereas 20% were posi-

tive for OX40+4-1BB+ exclusively, without any other pair being

detected. Therefore, co-expression of AIMs followed con-

strained patterns.

The AIM pair combinations detecting the largest fraction of the

6xAIM+ HIV-specific CD4+ T cell population varied from donor to

donor (Figure 2E). Therefore, relying on a single AIM pair can lead

to underestimation of the T helper responses. In contrast, the

CD69+4-1BB+ combination dominated HIV-specific CD8+

T cells, with a single exception.

We next assessed the contribution of each individual marker

to the global detection of HIV- and CMV-specific T cells. To

accomplish this, we iteratively removed them one by one from

the multiplexed analysis and calculated the proportion of the

signal consequently lost (Figures 2F and S2G). Because of partial

overlap and co-expression, we still achieved good detection of

Ag-specific CD4+ T cells in the combinations missing one

marker. Removal of OX40 was significantly more detrimental

than the removal of the other AIMs, showing that there is less

redundancy and co-expression for this marker. In contrast,

both CD69 and 4-1BB were required for the identification of

HIV- and CMV-specific CD8+ T cells.
Figure 2. The multiplexed 6xAIM assay improves detection of HIV- and

(A) Net HIV-specific CD4+ and CD8+ T cell responses. The net HIV Gag, Pol, Env, a

(B) Net CMV-specific CD4+ and CD8+ T cell responses.

(C) Comparisons between the net responses of the 6xAIM strategy and benchma

median fold increases (FIs), and Wilcoxon tests are shown.

(D) Proportion of background signal in HIV Ag-stimulated conditions. The Ag-stim

unstimulated signal. Light colors represent the total of stimulated cells; dark colo

(E) Donut charts depicting the proportion of participants for whom each AIM pair y

(F) Individual contributions of each AIM marker for the detection of HIV-specific

value yielded by the 6xAIM. Light colors represent the signal lost when the indi

residual signal still detected.

(G) Spider charts depicting the comparisons between the normalized amplitudes o

Within each cohort, responses were normalized to their 6xAIM values. Medians

**p < 0.01, and ***p < 0.001. Matched donors who had at least one HIV stimulation

kept. For CD4+ and CD8+ T cells, n = 13 CMV+ ART-matched participants.

(A and B) The 6xAIM and individual AIM pairs are ranked in decreasing order of th

represent the pairwise multiple comparisons performed using the Friedman te

performed using the Friedman test with Dunn’s post-hoc test. (A, B, D, and F) T

donors who had at least one HIV stimulation, or had the CMV stimulation, reaching

(B) n = 15 CMV+ ART participants.
As the 6xAIM represented the maximum responses obtained,

we also normalized the virus-specific responses to their respec-

tive 6xAIM values and found that patterns of detection were rela-

tively similar between HIV- and CMV-specific CD4+ and CD8+

T cells, respectively (Figures 2G and S2H). These results indicate

that the expression patterns of individual markers and marker

pairs within the multiplexed AIM assay are quite consistent

among T cell responses to two very different chronic viruses.

These data also suggest that the risk of introducing biases by

focusing on a single AIM pair to compare responses to different

pathogens is probably small within the same group of

participants.

These results indicate that a multiplexed AIM panel containing

the markers CD69, 4-1BB, OX40, and CD40L allowed simulta-

neous detection of Ag-specific CD4+ and CD8+ T cells. The Bool-

ean 6xAIManalysis increased the detection ofHIV- andCMV-spe-

cific CD4+ T cells compared to single-pair assays, while CD8+

T cells were readily identified by the CD69+4-1BB+ combination.

CD69, 4-1BB, OX40, and CD40L are differentially
expressed on HIV-specific CD4+ T cell subsets
HIV-specific CD4+ T cells defined by the 6xAIM strategy ex-

pressed different levels of AIMs, with larger fractions of CD69+

and OX40+ cells compared to 4-1BB and CD40L (Figures 3A

and S3A). AIMs are functional molecules that may be differen-

tially expressed depending on the CD4+ T cell subsets. There-

fore, we assessed whether these differences in expression could

impact the profile of the HIV-specific CD4+ T cell subsets de-

tected. We phenotyped AIM+ HIV-specific CD4+ T cells using a

high-parameter fluorescence-activated cell sorting (FACS) panel

(Table S2) based on expression of chemokine receptors that are

preferentially—but not exclusively—expressed by defined line-

ages: CXCR5 for Tfh, CXCR3 for Th1, CCR6 for Th17/Th22, an

inhibitory checkpoint (PD-1), and activation markers (CD38,

HLA-DR). The uniform manifold approximation and projection

(UMAP) algorithm44 was used to illustrate the distribution of

HIV-specific CD4+ T cell populations (Figure 3B). These popula-

tions were clustered with the Phenograph algorithm,45 which

identified 12 distinct populations based on their relative marker
CMV-specific CD4+ T cells

nd Nef responses were summed to assess the ‘‘total’’ HIV-specific responses.

rk AIM pairs to detect Ag-specific CD4+ and CD8+ T cell responses. Medians,

ulated conditions are normalized to 100% to better represent the autologous

rs represent the background.

ielded the highest magnitude of HIV-specific CD4+ and CD8+ T cell responses.

CD4+ and CD8+ T cell responses. The detection levels were normalized to the

cated AIM marker was removed from the analysis; dark colors represent the

f the net HIV- (teal) and CMV-specific (amber) CD4+ andCD8+ T cell responses.

and Wilcoxon tests are shown for each pair (see also Figure S2H). *p < 0.05,

and the CMV stimulation reaching >23 over the unstimulated conditions were

e median, based on their respective CD4+ T cells. The tables above the graphs

st with Dunn’s post hoc test. (D and F) Pairwise multiple comparisons were

he bars represent medians ± interquartile ranges. Thicker borders represent

>23 over the unstimulated conditions. (A, C, and D–F) n = 16 ART participants;
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expression (Figures 3C and S3B). These populations could be

further grouped in ‘‘superclusters’’ driven by their chemokine re-

ceptor expression (Figure 3B).

We next tested if individual AIMs were particularly associated

with certain polarization markers. Univariate gatings were

applied to identify, within the total 6xAIM+ population, Ag-spe-

cific cells expressing CD69, 4-1BB, OX40, and/or CD40L (Fig-

ure S3A). The phenotypes of AIM+ CD69+, AIM+ 4-1BB+, AIM+

OX40+, and AIM+ CD40L+ CD4+ T cell subpopulations were

compared to the global 6xAIM+ CD4+ T cells, which served as

the reference parental population (Figure S3C). These data are

also summarized in Figure 3D, where relative enrichments

were calculated for each phenotypic clusters in CD69+,

4-1BB+, OX40+, and CD40L+ Gag-specific CD4+ T cells

compared to the reference 6xAIM+ Gag-specific population.

The relative frequency of each of these populations varied de-

pending on the AIM expressed. OX40+ Gag-specific cells were

the most comparable to the reference 6xAIM+ CD4+ T cell pop-

ulation. Only C1 and C12 strongly diverged, being underrepre-

sented in OX40+ Gag-specific cells. Yet, CCR6+ clusters (C2,

C4, C6, C7, and C9) were modestly but consistently enriched

in this subpopulation. In contrast to OX40, the AIM+ CD69+ pop-

ulation tended to be underrepresented in CCR6+ clusters (C2,

C6, C7, and C9) but enriched in CXCR3+ clusters (C3, C8, and

C12). Differences were more profound for CD40L, as clusters

with Tfh-like signatures (C3 and C5) were significantly overrepre-

sented, to the detriment of Th17/Th22-like clusters (C2, C6, C7,

and C9). Phenotypic biases were also observed in AIM+ 4-1BB+

cells, as C4was largely decreased, whereas C6, C8, and 10were

overrepresented. Thus, individual AIMs preferentially identify

different subsets of Ag-specific CD4+ T cells.

We validated these observations with focused univariate ana-

lyses of chemokine receptor expression (Figure 3E). We exam-

ined Gag-specific responses, as we found strong AIM+ CD4+

T cell responses against this antigen (Figure 1C). We compared

the expression of CD69, 4-1BB, OX40, and CD40L in Gag-spe-

cific CCR6+, CXCR3+, and CXCR5+ CD4+ T cells to their expres-

sion in the parental AIM+ Gag-specific CD4+ T cell population
Figure 3. CD69, 4-1BB, OX40, and CD40L are differentially expressed o

Phenotypic analysis of HIV-specific CD4+ T cell responses.

(A) Proportion of 6xAIM+ HIV-specific CD4+ T cells expressing CD69, 4-1BB, OX

(B) Multiparametric global UMAP representation of 6xAIM+ HIV-specific CD4+ T c

labeled on the UMAP. These populations could be further grouped in ‘‘superclu

polarized toward CCR6+, CXCR3+, or CXCR5+ T cells were classified as ‘‘no pol

(C) Heatmap summarizing the mean fluorescence intensity (MFI) of each loaded

(D) Relative frequency of each identified cluster within 6xAIM+ HIV-specific CD4+

parental 6xAIM+ cells (white dots). Arrows pointing to the right indicate that a p

reference CD4+ T cells, while arrows pointing to the left indicate an underreprese

Figure S3C) are shown. *p < 0.05, **p < 0.01, and ***p < 0.001.

(E) Example of univariate CCR6+, CXCR3+, and CXCR5+ gatings on total and HIV

(F) Enrichment scores of the AIMs in the Gag-specific CD4+ CCR6+ (green), CXCR

by dividing, for each individual AIM, the Gag-specific CD4+ phenotype+ population

Figure S3D). Wilcoxon tests (see also Figure S3E) are shown. *p < 0.05, **p < 0.0

(G) Proportion of HIV-specific CCR6+ and CXCR5+ CD4+ T cells still detected after

those of the 6xAIM. Wilcoxon tests are shown.

(A, F, and G) Medians ± interquartile ranges are shown. (A and F) Pairwise multip

test. (D and F) The graphs are on a log2 scale. To avoid contaminating pheno

stimulation (A–D) or the HIV Gag stimulation (F and G) reaching >23 over the uns

participants.
and calculated enrichment scores (Figure S3D). The pattern of

AIM expression in CXCR3+ cells was similar to the parental pop-

ulation (Figures 3F and S3E). Consistent with the unsupervised

analyses, we found that CD40L was preferentially expressed in

the CXCR5+ population to the detriment of CCR6+ cells, while

we saw the opposite for OX40, which was slightly enriched in

Th17/Th22-like cells. We next tested whether the removal of

OX40 or CD40L would affect the detection of HIV-specific

CXCR5+ and CCR6+ cells (Figure 3G). Removal of CD40L re-

sulted in a median 24% decrease in HIV-specific CCR6+ CD4+

T cells. The loss of detection was significantly exacerbated

whenOX40was excluded instead, with amedian 62%decrease.

In contrast, removal of either OX40 or CD40L resulted in a similar

median decrease (28% vs. 30%) of HIV-specific CXCR5+ CD4+

T cells, despite the enrichment of CD40L in Tfh cells.

We next verified if the 6xAIM could capture subtle Ag-specific

phenotypic skewing by comparingGag- andCMV-specific CD4+

T cells (Figure S3F). The 6xAIM approach captured the previ-

ously reported22 higher proportions of CXCR3+ and CXCR5+

cells in the total Gag-specific CD4+ T cell population as

compared to CMV pp65-specific CD4 T+ cells (Figure S3G).

These results show that the sampling and phenotyping of HIV-

specific CD4+ T cells may vary depending on the pairs of AIMs

selected. Integrating multiple AIMs mitigates these variations.

However, a certain degree of redundancy exists between the

AIMs, and the removal of a single AIM molecule still allows the

detection of all unsupervised clusters.

Infection-specific (HIV) and vaccine-induced (SARS-
CoV-2) responses are detected by the same AIM pairs
Finally, to test the versatility of our approach, we examined the

multiplexed AIM responses in a cohort of 23 healthcare

workers (HCWs) three weeks after the second dose of SARS-

CoV-2 mRNA vaccines (Figure S4A). These participants were

vaccinated according to a long 16 week interval regimen as

previously published by our group (Table S1).31–33 We next

compared the features of the infection-induced HIV-specific

T cells in PWH to those of vaccine-induced SARS-CoV-2
n HIV-specific CD4+ T cell subsets

40, and CD40L in univariate analyses (see also Figure S3A for gating strategy).

ells. The colors identify 12 populations clustered by unsupervised analyses and

sters’’ driven by their chemokine receptor expression. Clusters that were not

arization.’’

parameter.

marker+ T cell subpopulations (colored dots) compared to within the reference

opulation is overrepresented in the HIV-specific population compared to the

ntation. Medians and only significant results with the Wilcoxon tests (see also

Gag-specific CD4+ T cell populations.

3+ (yellow), and CXCR5+ (purple) T cell populations. The scores were calculated

by the Gag-specific CD4+ population, irrespective of the polarization (see also

1, and ***p < 0.001.

ad hoc removal of the indicated AIMmolecules. The values were normalized to

le comparisons were performed using the Friedman test with Dunn’s post-hoc

type profiling with excessive background, donors who had at least one HIV

timulated condition were kept. (A–D) n = 14 ART participants; (F and G) n = 13
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Figure 4. Infection-specific (HIV) and vaccine-induced (SARS-CoV-2) responses are detected by the same AIM pairs

(A) Net SARS-CoV-2 Spike-specific CD4+ (orange) and CD8+ (blue) T cell responses. The 6xAIM and individual AIM pairs are ranked in decreasing order of the

median, based on theCD4+ T cells. The tables above the graphs represent the pairwisemultiple comparisons performed using the Friedman test with Dunn’s post

hoc test.

(B) Individual contributions of each AIM marker for the detection of Spike-specific CD4+ (left) and CD8+ (right) T cell responses. The detection levels were

normalized to the value yielded by the 6xAIM. Light colors represent the signal lost when the indicated AIM marker is removed from the analysis; dark colors

represent the residual signal still detected. Pairwise multiple comparisons were performed using the Friedman test with Dunn’s post-hoc test.

(C) Spider charts depicting the comparisons between the normalized amplitudes of net HIV- (teal) and Spike-specific (lavender) CD4+ and CD8+ T cell responses.

Within each cohort, responses were normalized to their 6xAIM values. Medians andMann-Whitney tests are shown for each pair (see also Figure S4D). *p < 0.05,

**p < 0.01, and ***p < 0.001. Donors who had at least one HIV stimulation reaching >23 over the unstimulated conditions were kept, as well as those whose Spike

stimulation reached the same threshold. For CD4+ T cells, n = 14 ART participants and n = 23 SARS-CoV-2-vaccinated participants; for CD8+ T cells, n = 15 ART

participants and n = 16 SARS-CoV-2-vaccinated participants.

(A and B) The bars represent medians ± interquartile ranges. Thicker borders represent donors whose stimulation reached >23 over the unstimulated conditions.

n = 23 SARS-CoV-2-vaccinated participants.
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Spike-specific T cells in HCWs (Figures S4B and S4C). Consis-

tent with our observations on HIV-specific T cell responses, we

found that the 6xAIM approach provided more robust mea-

sures of Spike-specific CD4+ T cell responses (Figure 4A).

Moreover, OX40 (CD4+) was still the most important AIM mole-

cule for Spike-specific T cell detection (Figure 4B). Both CD69

and 4-1BB were essential to detect Spike-specific CD8+ T cells

(Figures 4A and 4B).
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We next tested whether individual AIM pairs provided similar

estimations of Ag-specific CD4+ and CD8+ T cell responses in

different cohorts. For this comparative purpose, we normalized

the data based on the 6xAIM, which provided the highest detec-

tion levels in both cohorts (Figures 4C and S4D). Despite some

differences, the overall pattern of detection was similar between

the two cohorts. In CD8+ T cells, the CD69+4-1BB+ pair was

equivalently efficient at detecting Ag-specific cells. These data
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indicate that the use of a single AIM pair does not introduce ma-

jor cohort-based biases in quantifications.

DISCUSSION

In this study, we provide a new approach to enhance the sensi-

tivity of the AIM assay by multiplexing AIM markers that have

been validated in previous studies. We tested the robustness

of a multiplexed AIM assay that combined CD69, 4-1BB,

CD40L, and OX40 and comprehensively compared this inte-

grated approach to individual AIM pairs. The multiplexed AIM

approach consistently detected higher magnitudes of net Ag-

specific CD4+ T responses than any individual AIM pair while

maintaining high specificity. We did not observe a clear benefit

of multiplexing these markers for CD8+ T cells, as most of the

signal was provided by the CD69+4-1BB+ combination. These

findings were consistent for immune responses to viral infections

(HIV and CMV) and vaccines (SARS-CoV-2). We found CD40L to

be enriched in CXCR5+ CD4+ T cells and OX40 in CCR6+ CD4+

T cells. Consequently, a slightly skewed phenotypic portrait of

HIV-specific CD4+ T cells emerged when relying on these

markers in standard AIM assays. Multiplexing the AIM assay

mitigated this issue.

Our data show that the multiplexed assay has several addi-

tional advantages. It allows co-assessment of CD4+ and CD8+

T cell responses in a single panel. In contrast, in previous studies,

CD4+ and CD8+ T cells were often detected by distinct single

pairs of AIMs.14,17,18,24,25 This can be deconvoluted in more

standard analyses (e.g., 6xAIM Boolean OR gating vs. single

AIM pair), facilitating comparisons with other studies. For

instance, two studies assessing vaccine responses to distinct

vaccines reported apparently conflicting results: one, using the

pairs OX40+4-1BB+ for CD4+ and CD69+4-1BB+ for CD8+

T cells, reported that AIM+ responses were lower than those

detected by ICS or ELISpot assays,46 while the other one re-

ported the opposite,13 although it used different AIM pairs

(OX40+CD25+ and OX40+PDL1+ for CD4+ and OX40+CD25+

and CD107a+CD25+ for CD8+ T cells). These discrepancies

might be explained either by the antigens or by the different pairs

of AIMs used, thus underlining the problematic absence of a

consensual pair of AIMs. Multiplexing the assay also mitigates

the donor-dependent variations observed in the specific AIM

pair giving the strongest Ag-specific CD4+ T cell response.

One unavoidable compromise of this approach is the slightly

increased background, as the background of all pairs is

summed up. This could be theoretically problematic when

some pair combinations do not provide any specific signal

per se like in CD8+ T cells. Nevertheless, this had little impact

on the signal-to-noise ratio that remained high in CD4+

T cells. Our current iteration of the multiplexed AIM assay

does not provide benefit for the detection of Ag-specific

CD8+ T cells. Alternatives are conceivable but would require

the inclusion of (or substitution with) additional molecules upre-

gulated in CD8+ T cells upon activation, such as PD-L1 and

CD107a.13,41,47,48 Substitution for other AIM markers could

also be required for more specific purposes, like identifying

T cells from lymphoid tissue where CD69 is constitutively ex-

pressed at high levels.15
We observed a high degree of redundancy among the AIMs in

CD4+ T cells. For instance, when CD69, OX40, and 4-1BB

markers are combined, CD40L appears to be dispensable for

purely quantitative purposes—although it is a functionally impor-

tant co-signaling molecule. Removing CD40L can be advanta-

geous for some live-cell studies, as CD40L staining requires a

preincubation with a CD40-blocking antibody, which might alter

cellular interactions. OX40 was comparatively less redundant,

further demonstrating its importance in core sets of AIM panels.

Our results indicate that excluding OX40 could lead to underes-

timating the magnitude of responses. Therefore, redundancy in

AIM markers is desirable because it mitigates possible quantita-

tive and qualitative biases associated with individual AIM pairs.

The inclusion of multiple AIMs, each with diverse biological

functions, also offers the added benefit of providing a wealth of

complementary information about the functional states of the

Ag-specific cells. As AIMs are functional molecules, it is not sur-

prising that they were differentially expressed in CD4+ subsets.

CD40L was more frequently expressed in CXCR5+ (Tfh-like)

cells, which is consistent with studies identifying CD40L as an

important co-stimulatory molecule for Tfh differentiation and

function, in particular the regulation of isotype switching in B

cells.49–51 Not much is known about the role of OX40 in Th22

cells,52 and the studies on activated Th17 cells are conflicted:

on one hand, OX40 may be involved in their maintenance and

functionality,52–54 but on the other hand, the OX40-OX40L

pathway would inhibit their differentiation and the production

of interleukin-17 (IL-17), one of the main cytokines produced

by this subset.52,53 While the 6xAIM allows for a broader pheno-

typing, it still captures pathogen-specific differences in T helper

differentiation, such as the elevated proportion of CXCR5+ and

CXCR3+ cells in Gag-specific CD4+ T cells compared to CMV-

specific CD4+ T cells.22 Of note, removing CD40L from our anal-

ysis had a limited impact on our capacity to detect HIV-specific

CXCR5+ CD4+ T cells because of the frequent redundant detec-

tion of CD40L+ cells by other AIM markers. In contrast, OX40 is

less redundant, and its exclusion led to poor detection of HIV-

specific CCR6+ (Th17/Th22-like) CD4+ T cells. Therefore, our

data suggest that multiplexing the AIM assay mitigates the risk

of underestimating certain CD4+ T cell subsets over others.

We found good consistency in the detection provided by indi-

vidual pairs of AIMs across different cohorts. This further demon-

strates the robustness and flexibility of the AIM assay. Yet,

several individual AIM+ CD4+ T cell pairs appeared to slightly

underperform in the chronic HIV infection group compared to

the vaccinal cohort. Group comparisons must be analyzed with

caution, as these small differences may simply reflect heteroge-

neity between groups of people. Alternatively, T cell dysfunction

caused by persistent activation during chronic HIV infection may

affect certain activation markers more than others. The multi-

plexed strategy can represent a harmonizing approach, as it

consistently provided the highest measures of Ag-specific

CD4+ T cells. Multiplexing the AIM can thus represent a prudent

agnostic strategy when it is unknown whether a particular path-

ological context can have an inherent effect on individual AIM

expression.

Finally, the multiplexed AIM assay could be applied to

numerous vaccine studies, especially for those against HIV,
Cell Reports Methods 4, 100690, January 22, 2024 9
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whose development remains challenging.55 Specifically, detect-

ing circulating Tfh (cTfh) cells in these types of studies is impor-

tant, considering that they interact with B cells to help develop an

efficient humoral immunity.4 To name only a few, OX40+4-

1BB+40,56 and CD40L+OX4057 have been documented to do

this in SARS-CoV-2 vaccine studies. These might not be appli-

cable for HIV-vaccine trials, however, as we showed that the hi-

erarchy of AIM pairs for CD4+ T cell detection may slightly differ

between ART-treated and SARS-CoV-2-vaccinated cohorts.

Instead, multiplexing the AIM assay could be a pragmatic and

promising approach to optimize both the magnitude and the di-

versity of vaccine-induced responses detected.

Limitations of the study
We found that the multiplexed strategy, using the AIMs CD69,

4-1BB, OX40, and CD40L, was a strong alternative to using sin-

gle pairs of AIMs. However, these assays were solely done on

peripheral blood and do not provide a full portrait of the tissues’

immune cells.7 Although it is a reliable alternative to conventional

approaches based on cytokine secretion, the AIM assay remains

a functional assay. Therefore, functionally exhausted cells that

do not respond to TCR stimulation will persist in being unde-

tected. We also acknowledge that false positive events are

inherent limitations of any AIM assay. This is mitigated by calcu-

lating the net responses, which is now a standard practice to

analyze AIM, as it is for ICS data, but also by reporting the pro-

portion of background signal in the raw data. As in standard

AIM assays, some bystander activation can also occur in the

context 6xAIM assay, but this is mitigated by selecting AIM

markers less susceptible to bystander activation after a 15 h in-

cubation.7 The setting of the bystander activation experiment

maximized the possibility of detecting bystander activation. As

soluble factors can accumulate over 15 h in the ‘‘conditioned’’

supernatants, they are given a full extra 15 h additional incuba-

tion time to exert their non-specific activation effect (total of

30 h) instead of the standard 15 h. Additionally, this 30 h incuba-

tion extends past the 24 h, where bystander activation has been

reported to take place.7 Finally, our panel was limited to four

AIMs. While CD69+4-1BB+ proved to be a robust AIM pair to

detect Ag-specific CD8+ T cells, the addition of other surface

markers could help identify other or superior AIM combinations

to characterize Ag-specific CD4+ and CD8+ T cells.
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dies infectieuses and thérapies cellulaires. The Symphony flow cytometer

was funded by a John R. Evans Leaders Fund Leader Fund from the Canada

Foundation for Innovation (#37521 to D.E.K.) and the Fondation Sclérodermie
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quez, Y., and Gómez, K.A. (2023). Activation-induced marker assays for

identification of Trypanosoma cruzi-specific CD4 or CD8 T cells in chronic

Chagas disease patients. Immunology 169, 185–203.

15. Havenar-Daughton, C., Reiss, S.M., Carnathan, D.G., Wu, J.E., Kendric,

K., Torrents de la Peña, A., Kasturi, S.P., Dan, J.M., Bothwell, M., Sanders,

R.W., et al. (2016). Cytokine-Independent Detection of Antigen-Specific

Germinal Center T Follicular Helper Cells in Immunized Nonhuman Pri-

mates Using a Live Cell Activation-Induced Marker Technique.

J. Immunol. 197, 994–1002.

16. Frentsch, M., Arbach, O., Kirchhoff, D., Moewes, B., Worm, M., Rothe, M.,

Scheffold, A., and Thiel, A. (2005). Direct access to CD4+ T cells specific

for defined antigens according to CD154 expression. Nat. Med. 11,

1118–1124.

17. Painter, M.M., Mathew, D., Goel, R.R., Apostolidis, S.A., Pattekar, A., Ku-

thuru, O., Baxter, A.E., Herati, R.S., Oldridge, D.A., Gouma, S., et al.

(2021). Rapid induction of antigen-specific CD4+ T cells is associated

with coordinated humoral and cellular immunity to SARS-CoV-2 mRNA

vaccination. Immunity 54, 2133–2142.e3.

18. Goel, R.R., Painter, M.M., Apostolidis, S.A., Mathew, D., Meng, W., Rose-

nfeld, A.M., Lundgreen, K.A., Reynaldi, A., Khoury, D.S., Pattekar, A., et al.

(2021). mRNA vaccines induce durable immune memory to SARS-CoV-2

and variants of concern. Science 374, abm0829.

19. Dan, J.M., Lindestam Arlehamn, C.S., Weiskopf, D., da Silva Antunes, R.,

Havenar-Daughton, C., Reiss, S.M., Brigger, M., Bothwell, M., Sette, A.,

and Crotty, S. (2016). A Cytokine-Independent Approach To Identify

Antigen-Specific Human Germinal Center T Follicular Helper Cells and

Rare Antigen-Specific CD4+ T Cells in Blood. J. Immunol. 197, 983–993.

20. Barham, M.S., Whatney, W.E., Khayumbi, J., Ongalo, J., Sasser, L.E.,

Campbell, A., Franczek, M., Kabongo, M.M., Ouma, S.G., Hayara, F.O.,

et al. (2020). Activation-Induced Marker Expression Identifies Mycobacte-

rium tuberculosis–Specific CD4 TCells in a Cytokine-Independent Manner

in HIV-Infected Individuals with Latent Tuberculosis. ImmunoHorizons 4,

573–584.

21. Morou, A., Brunet-Ratnasingham, E., Dubé, M., Charlebois, R., Mercier,
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24. Busà, R., Sorrentino, M.C., Russelli, G., Amico, G., Miceli, V., Miele, M., Di

Bella, M., Timoneri, F., Gallo, A., Zito, G., et al. (2022). Specific Anti-SARS-

CoV-2 Humoral and Cellular Immune Responses After Booster Dose of

BNT162b2 Pfizer-BioNTech mRNA-Based Vaccine: Integrated Study of

Adaptive Immune System Components. Front. Immunol. 13, 856657.

25. Pallikkuth, S., Williams, E., Pahwa, R., Hoffer, M., and Pahwa, S. (2021).

Association of Flu specific and SARS-CoV-2 specific CD4 T cell responses

in SARS-CoV-2 infected asymptomatic heath care workers. Vaccine 39,

6019–6024.

26. Naaber, P., Tserel, L., Kangro, K., Sepp, E., J€urjenson, V., Adamson, A.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

G025H7 (BV605) [Human anti-CD183 (CXCR3)] Biolegend Cat#353728; Lot:B323111; RRID:AB_2563157

J25D4 (BV421) [Human anti-CD185 (CXCR5)] Biolegend Cat#356920; Lot:B340671; RRID:AB_2562303

13B 1E5 (BUV805) [Human anti-CD186 (CXCR6)] BD Biosciences Cat#748448; Lot:2104048; RRID:AB_2872864

11A9 (BUV737) [Human anti-CD196 (CCR6)] BD Biosciences Cat#612780; Lot:1256027; RRID:AB_2870109

UCHT1 (BUV496) [Human anti-CD3] BD Biosciences Cat#612940; Lot:1347983; RRID:AB_2870222

SK3 (BB630) [Human anti-CD4] BD Biosciences Cat#624294 CUSTOM; Lot:1203097

RPA-T8 (BV570) [Human anti-CD8] Biolegend Cat#301038; Lot:B333843; RRID:AB_2563213

M5E2 (BV480) [Human anti-CD14] BD Biosciences Cat#746304; Lot:2139313; RRID:AB_2743629

HIB19 (BV480) [Human anti-CD19] BD Biosciences Cat#746457; Lot:2123638; RRID:AB_2743759

HIT2 (BB790) [Human anti-CD38] BD Biosciences Cat#624296 CUSTOM; Lot:2242331

HI100 (PerCP Cy5.5) [Human anti-CD45RA] BD Biosciences Cat#563429; Lot:0223218; RRID:AB_2738199

FN50 (BV650) [Human anti-CD69] Biolegend Cat#310934; Lot:B364649; RRID:AB_2563158

ACT35 (APC) [Human anti-CD134 (OX40)] BD Biosciences Cat#563473; Lot:1015537; RRID:AB_2738230

4B4-1 (PE-Dazzle 594) [Human

anti-CD137 (4-1BB)]

Biolegend Cat#309826; Lot:B349385; RRID:AB_2566260

TRAP1 (PE) [Human anti-CD154 (CD40L)] BD Biosciences Cat#555700; Lot:7086896; RRID:AB_396050

EH122H (BV711) [Human anti-CD279 (PD-1)] Biolegend Cat#329928; Lot:B366791; RRID:AB_2562911

LN3 (FITC) [Human anti-HLA-DR] Biolegend Cat#327006; Lot:B359252; RRID:AB_893569

CD40-blocking antibody Miltenyi Biotec Cat#130-094-133

LIVE/DEAD Fixable dead cell Thermo Fisher Scientific Lot:L34960

Biological samples

HIV ART-treated donor blood samples N/A

SARS-CoV-2 naive donor blood samples N/A

Chemicals, peptides, and recombinant proteins

Roswell Park Memorial Institute (RPMI) Thermo Fischer Scientific Cat#61870036

HEPES Thermo Fischer Scientific Cat#15630-080

Penicillin/Streptomycin VWR Cat#450-201-EL

Fetal Bovine Serum (FBS) VWR Cat#97068-085

PepMixTM SARS-CoV-2

(Spike Glycoprotein)

JPT Cat#PM-WCPV-S-1

PepMixTM HIV-1 (GAG) Ultra JPT Cat#PM-HIV-GAG

PepMixTM HIV-1 (POL) Ultra JPT Cat#PM-HIV-POL

PepMixTM HIV-1 (ENV) Ultra JPT Cat#PM-HIV-ENV

PepMixTM HIV-1 (NEF) Ultra JPT Cat#PM-HIV-NEF

PepMixTM HCMVA (pp65) JPT Cat#PM-PP65-1

Staphylococcal Enterotoxin B (SEB) Toxin technology Cat#BT202

Software and algorithms

FlowJo v10.8.2 FlowJo LLC https://www.flowjo.com/

R v4.2.2 R Core Team https://www.r-project.org/

RStudio v2023.03.1 + 446 RStudio https://posit.co/download/rstudio-desktop

R scripts https://github.com/alemi055/scripts-

and-data/tree/master, in the archive

Lemieuxetal_CellRepMet_2024.tar.bz2

https://doi.org/10.5281/zenodo.10465085
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel E.

Kaufmann (daniel.kaufmann@chuv.ch).

Materials availability
There are restrictions to the availability of clinical samples (PBMCs), in compliance with our IRB protocols and the informed consent

obtained from each participant. This study did not generate new unique reagents.

Data and code availability
d The published article includes all of the processed datasets generated for this study. Further information and requests for re-

sources and reagents should be directed to and fulfilled by the Lead contact Author (daniel.kaufmann@chuv.ch).

d We developed R codes scripted to create spider charts and perform unsupervised analyses on HIV-specific CD4+ T cells. All

original codes have been deposited at Github and are publicly available as of publication. DOIs are listed in the key resources

table.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead contact Author upon

request (daniel.kaufmann@chuv.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
All work was conducted in accordance with the Declaration of Helsinki in terms of informed consent and approval by an appropriate

institutional board. Blood samples were obtained from donors who consented to participate in this research project at the CHUM

(13.019 and 19.381). Plasma and PBMCs were isolated by centrifugation and Ficoll gradient, and samples were stored at �80�C
and in liquid nitrogen, respectively, until use.

Participants and samples
We obtained the leukaphereses from study participants at the McGill University Health Center (Montréal, QC, Canada), and at the

Center Hospitalier de l’Université de Montréal (CHUM; Montréal, QC, Canada). The study was approved by the respective IRBs,

and written informed consent was obtained from all participants before enrollment. Our cohort of 16 ART-treated participants34

with controlled viremia (<40 viral RNA copies/mL) was used tomeasure HIV and CMV-specific responses. One donor who was nega-

tive for CMV was removed from the CMV analyses. The SARS-CoV-2 vaccinated cohort included 23 healthcare workers (HCW) who

had never been previously infected by the virus and received two doses of mRNA vaccine, with a 16-week interval. Blood samples

were collected approximately threeweeks after the second dose. The number of participants for this specific time point was the same

as previously published.31 The characteristics of all participants are summarized in Table S1. PBMCs were isolated by the Ficoll den-

sity gradient method and stored in liquid nitrogen until use.

METHOD DETAILS

Activation-induced markers (AIM) assay
The multiplexed AIM assay21–23,41 was adapted for HIV-,34 CMV-, and SARS-CoV-2-specific30–33 CD4+ and CD8+ T cells. PBMCs

were thawed and rested for 3 h in 96-well flat-bottom plates in RPMI 1640 supplemented with HEPES, penicillin/streptomycin,

and 10% FBS. For HIV, 23 106 PBMCs were stimulated with pools of 150 overlapping peptides of HIV-1 Gag, Pol, Env, or Nef pro-

teins (0.5 mg/mL per peptide) (JPT) for 15 h (37�C, 5% CO2). For CMV, 23 106 PBMCs were also stimulated with a pool of 138 over-

lapping HCMVA 65 kDa phosphoprotein (pp65) (0.5 mg/mL per peptide) (JPT) peptides. For SARS-CoV-2, the stimulation was done

with 1.7 3 106 PBMCs and an S glycoprotein peptide pool (0.5 mg/mL per peptide), corresponding to the pool of 315 overlapping

peptides (15-mers) spanning the complete amino acid sequence of the Spike Glycoprotein (JPT). CCR6, CXCR3, CXCR5, and

CXCR6 antibodies, as well as a CD40 blocking antibody, were added in culture 15 min before stimulation. A DMSO-treated condition

and aStaphylococcus enterotoxin B (SEB)-treated (0.5 mg/mL) condition served, respectively, as negative and positive controls. Cells

were first stained for viability dye (Aquavivid, Thermofisher, 20 min, 4�C), surface markers (30 min, 4�C) (see Table S2 for the list of

antibodies), and then fixed using 1%paraformaldehyde (15min, 4�C) before acquisition on the flow cytometer FACSymphony A5Cell

Analyzer (BD Biosciences). Figure S1A describes the upstream gating strategy. Analyses were performed using FlowJo (v10.8.2).

Bystander activation experiment
A first AIM assay [AIM #1] was performed, as described above, on PBMCs of three ART participants thawed on day 1. On day 2, after

15 h of Gag stimulation, the conditioned supernatants from this AIM #1 were collected, clarified by two rounds of centrifugation (at

900 RPMand 1500RPM, respectively, for 10min each) in 1.5mLmicrotubes, then transferred on freshly purifiedCD3+ T lymphocytes
e2 Cell Reports Methods 4, 100690, January 22, 2024
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(negative selection with the EasySep Human T cell Isolation Kit; StemCell) from an HIV-naı̈ve participant (uninfected donor, UD) [AIM

#2]. These ‘‘sentinel’’ T cells were incubated for 15 h in the conditioned supernatants and stained on day 3. Cells fromAIM #1 and AIM

#2 were acquired on the FACSymphony A5 Cell Analyzer on days 2 and 3, respectively.

Software scripts and visualization
Graphics were generated using GraphPad PRISM (v9.5.0) (GraphPad, San Diego, CA). For the unsupervised analyses, HIV-specific

CD4+ T cells were first downsampled to a comparable number of events (500 cells), and FCS files were loaded through the flowCore

package (v2.10.0).58 Scaling and logicle transformation of the flow cytometry data was applied using FlowSOM (v2.6.0),59 as done

previously.31 The uniform manifold approximation and projection (UMAP) algorithm was performed using the R package M3C

(v1.20.0),60 while the clustering was achieved using Phenograph (v0.99.1)45 with the k parameter (number of nearest-neighbors)

set to 250, which we determined based on numerous iterations with varying k values until this plateau was reached. We obtained

12 clusters. These clusters were further grouped in ‘‘superclusters’’ based on their similar patterns of polarization markers expres-

sion. Heatmaps and spider charts were generated in R (v4.2.2) using the packages gglot2 (v3.4.0),61 pheatmap (v1.0.12),62 and ggra-

dar (v0.2).63 R codes scripted for this paper are available at https://github.com/alemi055/scripts-and-data/tree/master, in the archive

Lemieuxetal_CellRepMet_2024.tar.bz2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Antigen-specific T cell responses are expressed in percentages of CD4+ and CD8+ T cells. Symbols (circles for the HIV cohort,

squares for the CMV cohort, and triangles for the SARS-CoV-2 cohort) represent biologically independent samples. Lines connect

data from the same donor. Median fold increases (FIs) were calculated by dividing the net T cell responses of the 6xAIM by the in-

dividual AIM pair’s (net FIs), or the AIM+ T cell responses of each pair by its respective unstimulated (background) values (raw FIs). For

the intra- and inter-experiment reproducibility, coefficients of variation (CV) were calculated by dividing the standard deviation by the

mean. Differences in responses for the same donor in the HIV and CMV cohorts were performed using Wilcoxon matched pair tests,

while tests comparing different donors in the HIV and SARS-CoV-2 cohorts were performed using Mann-Whitney (unpaired) tests.

Pairwise multiple comparisons were performed using the Friedman test with Dunn’s post-hoc test. The Wilcoxon, Mann-Whitney,

and Friedman tests were generated using GraphPad Prism. p values are indicated for each comparison assessed, and p < 0.05

were considered significant. 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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