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Abstract

Objectives: The definition of CD8+ T cell attributes that mediate protective immunity in HIV dis-
ease progression has not been clearly defined. Although our ability to characterize these cells con-
tinues to improve, the extent to which specific memory phenotypic categories of CD8+ T cells reli-
ably represent their functional attributes remains controversial. Methods: We simultaneously as-
sessed surface phenotype and functionality of HIV-specific CD8+ T cells by multiparametric flow
cytometry, measuring five CD8+ T cell functions (CD107a, IFNy, MIP-14, TNF« and IL2) and pheno-
typic markers CCR7, CD45RA, and CD27, in parallel in 24 HIV-infected individuals. Results: Vi-
rus-specific responses were contained within all eight phenotypic categories defined using CCR7,
CD45RA, and CD27. Phenotypic profiles of HIV-specific cells differed from CEF-specific cells, with
HIV-specific cells having higher levels of CD45RA (p = 0.008). Interestingly a large portion of CEF
and HIV-specific cells were found within previously undefined phenotypes CCR7+CD27-CD45RA+
(14.6% and 17.2%, respectively) and CCR7+CD27-CD45RA- (14.8% and 15.8%, respectively). In
addition, up to 10% - 20% of responding cells were phenotypically “naive”. Additionally, memory
phenotypes of cells exhibiting monofunctional and polyfunctional responses frequently differed,
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and failed to associate with a consistent phenotype representing functionally active cells. Conclu-
sion: These data suggest that particularly after antigen stimulation, that surface phenotypes de-
fined by CCR7, CD27 and CD45RA expression on antigen-specific CD8+ T cells, reflect a wide range
of immunological functions, and that no single phenotype defined by memory marker expression
can reliably be used to identify functional capacity.
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1. Introduction

Virus-specific CD8+ T cells are phenotypically and functionally heterogeneous, and a better understanding of
specific subsets critical for protective immunity in human immunodeficiency virus (HIV) infection is needed for
rationale vaccine design and immune monitoring. With the widespread use of polychromatic flowcytometry, an
increasing number of functional parameters of T cell responses can be assessed simultaneously. These responses
comprise a number of functional parameters including cytokine and chemokine expression and cytotoxic mark-
ers. An often complementary approach has been the use of surrogate surface phenotypic markers to help define
the functional capacity of antiviral T cells. The most common approach measures the expression of the homing
marker CCR7 and the T cell differentiation marker CD45RA to define cells as central memory (Tcy), effector
memory (Tgm), and naive effector [1]-[3]. The addition of CD27 allows further delineation of subsets on the ba-
sis of differentiation status, as CD27 is lost upon antigen stimulation [4] [5]. Traditionally, CD8+ T cells ex-
pressing CCR7+CD27+CD45RA+ are considered to be functionally naive, while CCR7-CD27-CD45RA+/—
are functionally active, transiently producing interferon-gamma (IFNy), and represent terminally differentiated
(Tp) and Tgy cell subsets respectively [4]. The phenotype CCR7+CD27+CD45RA~ is thought to define a Tcy
subset, which has more long-term functional responses including interleukin-2 (IL2) secretion and proliferative
capacity. A transitional memory phenotype (CCR7-CD27+CD45RA-) can also be defined using this model [4].

Although the use of surface markers to define the immunological memory of specific T cells directly ex vivo
confers practical advantages, accumulating evidence suggests that these memory markers may not necessarily
correspond with the functional capacities they are suggested to represent [6]-[8]. For example, CCR7 expressing
memory CD8+ T cells which are normally considered naive or T¢y, have also been described as having imme-
diate effector functions [9] [10]. Similarly, CD8+ T cells that have proliferative capacity have been found in
both CCR7+ and CCR7- subsets, although CCR7— cells are thought to be primarily of the effector phenotype
[11]. Studies on CD45RA kinetics reveal that the expression of CD45RA has no correlation to proliferation [12].
This suggests that for memory CD8+ T cells, there are no definitive memory markers that can be used to con-
clusively identify functional subsets [6]. Our understanding of T cell differentiation is still limited. Currently,
there are three widely accepted models including linear, bifurcative (divergent pathways) and self-renewing dif-
ferentiation models [13], all of which differ in their definition by surrogate surface memory makers, making
their utility to represent T cell function even more controversial.

Together, these data imply that the surface markers routinely used to define memory T cells do not necessari-
ly predict the ex vivo function of those cells. However, this has not been well defined for the wide range of po-
lyfunctional CD8+ T cell responses that are now routinely measured. To date, most studies have only used IFNy,
IL2 expression or proliferative capacity to monitor memory T cell functionality; however polyfunctionality, the
concurrent expression of more than one cytokine/chemokine, could play an important role in anti-HIV immunity.
HIV infected individuals with slow disease progression (Long-term non-progressors (LTNP), Elite controllers
(EC) and Viremic controllers (VC)) have been shown to have increased numbers of polyfunctional HIV-specific
CD8+ T cells [14]-[17]. Polyfuntionality is often defined by the concurrent expression of the cytokines IFNy,
IL-2, and tumor necrosis factor alpha (TNFea); the chemokine macrophage inflammatory protein 1 beta (MIP-
1p); and the degranulation marker CD107a [14]-[16]. These slow progressors also maintain stronger HIV-spe-
cific CD8+ T cell proliferative responses compared to hormal progressing controls [18]-[21]. Based upon these
divergent concepts of functionality versus memory phenotypes, we hypothesized that the surface phenotypes de-
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fined by CCR7, CD45RA, and CD27 will not accurately identify polyfunctional CD8+ T cells. We addressed
this hypothesis in a Kenyan cohort of HIV-infected subjects in various stages of HIV disease and treatment. This
is the first study to look at the association between function and the dominant paradigm for memory markers in
the context of multiparametric cytokine expression, and polyfunctionality.

2. Methods
2.1. Subjects

HIV-infected female sex workers (n = 24) were recruited from a longitudinal cohort based in Nairobi, Kenya
[22], and all gave written informed consent prior to their participation in this research. Ethical approval was ob-
tained from relevant review boards at Kenyatta National Hospital/University of Nairobi Ethics and Research
Review Committee and the University of Manitoba Health Research Ethics Board, Bannantyne Campus. Clini-
cal and demographic data were collected on subjects biannually; including CD4 T cell counts (Table 1). Antire-
troviral therapy (ART) naive subjects with CD4+ counts above 400 cells/ul for over 6 years were classified as
long-term non-progressors (LTNP). LTNP were followed for a mean and median years of 11.98 and 14.31 years
respectively (range 6.41 - 17.43 years, n = 10). Participants who did not meet the criteria for LTNP were con-
sidered to be normal progressors (NP, n = 9), which has been demonstrated to be 3.5 years until AIDS in this
cohort [23]. Additionally five subjects on antiretroviral therapy (ART) were included in the study.

Table 1. Clinical and demographic data for subjects in this study.

Study no. ART status Age Years HIV+ CD4 count
890 LTNP 53 16.8 570
1211 LTNP 40 17.43 437
1250 LTNP 49 6.41 468
1287 LTNP 36 6.53 547
1424 LTNP 43 15.55 539
1625 LTNP 43 14.37 418
1647 LTNP 41 13.55 731
1649 LTNP 40 14.31 447
1654 LTNP 36 14.31 433
1725 LTNP 41 10.79 452
1731 ART 42 13.67 228
1771 NP 42 12.74 186
1848 NP 36 104 184
1917 ART 37 7.26 456
1932 ART 36 6.42 407
1947 ART 38 6.17 359
1971 ART 45 5.31 168
1974 NP 44 5.29 235
2166 NP 38 4.67 233
2274 NP 37 197 921
2522 NP 27 0.74 408
2522 NP 27 0.74 408
2531 NP 48 0.73 256
2560 NP 42 0.7 446
2630 NP 33 0 307
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2.2. Reagents

A peptide library (9 mers overlapping by 8 amino acids) derived from the HIV-1 p24 clade Al ancestral se-
quence (Sigma-Genosys) were pooled in a matrix format using Deconvolute This! version 1.0 [24] (courtesy of
Mario Roederer, Vaccine Research Center, NIAID, NIH). Clade Al is the predominant circulating clade in this
study population [25]-[27]. Peptide pools were used at 2 pug/ml/peptide, and stimulations were accompanied by
2 positive controls Cytomegolovirus, Epstein-Barr virus and Influenza virus peptides (CEF, 32 peptides/pool, 2
ug/mi/peptide; AnaSpec) and Staphylococcus aureus enterotoxin B (SEB, 0.1 ug/ml; Sigma-Aldrich) and du-
plicate negative controls consisting of media alone. Monoclonal antibodies for flowcytometry analyses included:
CD3-AmCyan, CD8-APCCy7, CCR7-PeCy7, IFNy-FITC, CD107a-PeCy5, MIP-15-PE, IL2-APC (BD Biosci-
ences), TNFa-Pacific Blue, CD27-Alexa Fluor 700 (eBiosciences) and CD45RA-ECD (Beckman Coulter).

2.3. Intracellular Cytokine Staining

Fresh PBMC were isolated by density gradient centrifugation, re-suspended in RPMI 10% fetal bovine serum
(R-10), and stimulated with the HIV-1 p24 peptide pools described above, with each peptide at a concentration
of 2 pg/ml/peptide. Pre-titrated amounts of CD107a were added prior to stimulation, as described [14]. After one
hour at 37°C 5% CO,, protein secretion was inhibited by the addition of titrated amounts of Golgi-Plug and
Golgi-Stop (BD Biosciences), and incubation was continued for another 13 hours. Cells were then washed,
stained for surface marker expression, permeabilized (BD Biosciences), and stained for intracellular markers.

2.4. Data Acquisition and Analysis

Cells were analyzed on a LSRII flowcytometer (BD Biosciences). Between 30,000 and 100,000 events were
collected within the lymphocyte gate per sample. Data analyses were performed using FlowJo version 9.2
(TreeStar). Boolean gates were applied to the 3 surface markers and the 5 functions and was assessed using
SPICE 5.1 (courtesy of Mario Roederer, Vaccine Research Center, NIAID, NIH).

2.5. Statistical Analysis

HIV-specific CD8+ T cell responses were considered positive for a given parameter if they were >2-fold higher
than the mean of their respective negative controls. Data are reported after background subtraction. Polyfunc-
tional responses were also background subtracted and a lower threshold corresponding to the 90th percentile of
distribution of negative values was built for each cytokine pattern and values below this threshold were set to 0
[14]. Statistical analyses were performed using Graph Pad Prism 5.0 and SPICE 5.1. Phenotype comparisons
were determined using Wilcoxon matched-pairs and one-way ANOVA Kruskal-Wallis, Post test Dunn’s mul-
tiple caparisons were also done. Functional correlations were Spearman’s rank correlation. Due to the large
number of correlations involved, we highlight and report only the most significant and strongest correlations
(Those with a threshold for significance of less than p = 0.001 (Spearman’s rank correlation)).

3. Results
3.1. Phenotype of HIV- and CEF-Specific CD8+ T Cell Responses

A number of memory T cell phenotypes have been described, with the dominant paradigm based on CCR?7,
CD45RA, and CD27 expression [4] [7] [28]. These markers can be used to define 8 phenotypes including naive,
central memory, effector memory, transitional memory, and terminally differentiated effector subsets (Table 2)
as well as undefined combinations of these markers that have not been examined to date. Following stimulation
with HIV-1 p24 peptide pools and a Cytomegalovirus, Epstein barr virus and Influenza virus (CEF) peptide pool
we were able to characterize the memory phenotypes of both HIV and CEF specific CD8+ T cells (responding
with any single or combination of functions) in HIV-infected subjects using these surface markers. Representa-
tive flowcytometry gating is shown in Figure 1.

Overnight HIV p24 and CEF-specific responses were measured in chronically HIV infected subjects (n = 24)
using multiple immunological readouts including IFNy, MIP-14, TNF«a, CD107a, and IL2 responses. Published
previously in Richmond et al. 2012 J. Virology, HIV and CEF-specific responses were detected in the majority
of HIV+ subjects [29]. Responding cells were assigned to the 8 phenotypes defined in Table 2 to determine the
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Table 2. Categories of CD8+ T cells on the basis of surface phenotypic marker expression.

Phenotypic category? CCR7 CD27 CD45RA HIV+
naive + + + 15.6%
Undefined #1° - + +
Undefined #2 + - +
central memory (Tcwm) + + -
terminally differentiated (T+p) - - + 23.1%
transitional memory (Ttw) - + - 13.8%
Undefined #3 + - -
effector memory (Tewm) - - - 29.5%

341 [30] [52]-[56]; °No phenotypic category has been ascribed to these combinations of markers.
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Figure 1. Representative flow cytometry data for detection of polyfunctional CD8+ T cell responses
and the definition of CD8+ T cell memory phenotypic categories based on surface marker expression.
PBMCs have been stimulated for 14 hours with HIV p24 peptides. (a) Forward scatter area (FSC-A)
versus forward scatter height (FSC-H) was used to eliminate doublets. Side scatter area (SSC-A) ver-
sus FSC-A was used to identify lymphocytes. (b) After gating on CD3+CD8+ cells, further gates were
made for CCR7, CD45Ra and CD27 based on florescence minus one staining. Boolean gating was
used to identify dual and triple positive phenotypes. (c) Boolean surface gates were then applied to
cells responding with each functional parameter including IFNy, MIP-15, CD107a, TNFa and 1L2.
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memory phenotypes of HIV and CEF-specific CD8+ T cells. Overall, HIV and CEF-specific antigen responding
CD8+ T cells were evenly distributed between 5 of the 8 memory subsets; CCR7+CD27+CD45RA+ (naive),
CCR7-CD27-CD45RA+ (T+p), and CCR7-CD27-CD45RA~ (Tgw), including a substantial number of res-
ponses in two novel phenotypes CCR7+CD27-CD45RA+ (Undefined #2), CCR7+CD27-CD45RA~ (Undefined
#3), (Range 14.4% - 20.5%, Figure 2(a)) while the remaining three categories CCR7-CD27+CD45RA+ (Unde-
fined #1), CCR7+CD27+CD45RA~ (T¢cy) and CCR7-CD27+CD45RA~ (Tty) were observed less frequently
(<10%). We then compared the distributions of the various phenotypes between HIV specific and CEF-specific
CD8+ T cells. HIV-specific CD8+ T cells were more likely to be CCR7+CD27-CD45RA+ (Undefiend #2)
compared to CEF-specific cells (p = 0.0012, mean 17.27% versus 14.68%, respectively, Wilcoxon matched
pairs). This data is in agreement with previous studies that show that different chronic viral infections induce
CD8+ T cells with distinct memory phenotypes and functionality [30] [31].

To more clearly understand phenotypic differences observed between HIV and CEF specific CD8 T cells, we
compared the expression of each surface marker individually on responding cells (Figure 2(b)). Our data show
that CD27 and CCRY are relatively equally distributed on HIV and CEF specific CD8+ T cells. Both HIV and
CEF-specific cells are typically CD27 negative (67.17% and 67.09%, respectively). There was a modest in-
crease in expression of CD45RA on HIV-specific CD8+ cells compared to CEF-specific CD8+ T cells (54.65%
and 50.96%, respectively, p = 0.008 Wilcoxon matched-pairs). These data show that depending on the pheno-
type CD8+ T cells responding to CEF and HIV antigens may have unique memory phenotypes. However, taken
together, both categorical and individual marker data show that there is relatively a homogeneous distribution of
virus specific T cell responses among all the different phenotypic categories of T cells as defined by CCR7,
CD27 and CD45RA, including two previously undefined phenotypes.

3.2. CD8+ T Cells Expressing Different Functions Have Distinct Memory Phenotypes

We next determined the surface memory phenotypes of HIV-specific CD8+ T cells expressing each functional
parameter individually, independent of expression any other functional readouts (IFNy, MIP-13, TNF«, CD107a,
and 1L2). CD8+ T cells positive for each parameter were stratified across the 8 phenotypic categories. Here we
observed several functional responses that appear to correlate with the phenotype measured (Figure 3). For ex-
ample and surprisingly, cells defined as Tgy were the least likely to be IFNy positive (p < 0.0001, Kruskal-Wallis,
Post test Dunn’s multiple comparison), possibly due to the fact that cells responding with IFNy tended to have
higher CCR7 expression, than cells responding with other functional parameters (p < 0.0001,data not shown).
Each of the phenotypes had a particular functional profile associated with it; the majority of “Undefined #2”
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Figure 2. Expression of eight memory phenotypic categories on CD8+ T cells from HIV-infected subjects. (a) Comparison
of all subjects’ CEF-specific (light gray bars) and HIV-specific (dark gray bars), positive for any single or combination of
cytokine/chemokine function. HIV-specific CD8+ T cells were more likely to be CCR7+CD27—CD45RA+ compared to
CEF-specific cells (p = 0.0012); (b) Expression of individual memory surface markers CCR7, CD27 and CD45Ra on CD8+
T cells from HIV-infected subjects, comparison of all subjects’ CEF-specific (light gray bars) and HIV-specific (dark gray bars)
cytokine/chemokine responses. HIV-specific CD8+ T cells were more likely to be CD45RA+ compared to CEF-specific

cells (p = 0.008).
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Figure 3. Expression of eight memory phenotypic categories on CD8+ T cells from HIV-infected subjects stratified by indi-
vidual functional readouts. Functional readouts measured after stimulation with HIV p24 peptides include, CD107a (Blue),
IFNy (red), IL2 (green), MIP-1y (orange) and TNFy (fuchsia). Red asterisk indicates significantly different relative to INFy,
Blue asterisk indicates significantly different relative to CD107a and green asterisk indicates significantly different relative
to IL2 (p < 0.05, Wilcoxon matched-pairs).

(CCR7+CD27-CD45RA+) were CD107a and IFNy positive, while T¢y and Undefined #3 (CCR7+CD27-
CD45RA-) were the predominantly expressing IFNy. The majority of T1p expressed higher MIP-15+, Ty were
more often IL2 positive, and Tgy were most likely to be CD107a and IL2 positive. Interestingly, 10% - 20% of
responding cells regardless of function could be phenotypically described as naive. Thus, effector function as
defined by cytokine responses to HIV appear to be completely independent of, and not predicted by, surface
memory phenotype.

To further explore the link between functional parameters and surface phenotypic categories, we next sought
to determine if any of the functions correlated with a specific surface phenotype. We correlated the percentage
of responding cells for each function with the proportion of overall responding cells contained within each of the
8 phenotypic categories. All functions (CD107a, IFNy, MIB-1y and TNFy, excluding 1L2) correlated with one or
more of the eight memory phenotype categories (Table 3), Both the percentage of cells responding with IFNy
and TNFa had similar correlation patterns, consistent with our previous data which found that the expression of
IFNy and TNFa are strongly correlated in normal progressing HIV+ subjects [29]. Both were positively asso-
ciated with the Undefined #2 and Ty phenotypes (All p < 0.0001, Spearmen rank correlation), but were in-
versely correlated to Ty, Undefined #3 and Tgy phenotype (p < 0.0001, p < 0.0001 and p = 0.0002, respective-
ly). The percentage of cells responding with CD107a was also inversely correlated to the Tgy phenotype (p <
0.001), but positively correlated with Undefined #1 (p < 0.001). Conversely, the percentage of cells responding
with MIP-14 had no similarity to any of the other functions, only correlating with the Undefined #3 category (p
= 0.0005), again consistent with our previous data, which found no correlation between MIP-14 responses and
other functions [29]. These data suggest that while some functional attributes do weakly associate with specific
“memory phenotypes”, this is parameter-specific. These data suggest that the allocation of antigen-specific cells
to functional categories on the basis of surface marker expression is exceedingly complex, and varies greatly
depending on the functional attribute examined. Thus defining function upon surface phenotype may not be pre-
dictable using the markers examined here.

3.3. Polyfunctionality Does Not Directly Associate with Specific Memory Phenotypes

The number of functions expressed simultaneously by a single antigen specific cell is increasingly being consi-
dered as a correlate of protective immunity in a number of infections [14] [32]-[35]. To determine the surface
phenotypes of polyfunctional cells, we stratified our data by CD8+ T cells concurrently expressing increasing
numbers of functions (5+, 4+, 3+, 2+, and 1+). Polyfunctional responses were observed in all eight memory
phenotypic categories, regardless of the number of functions expressed. Figure 4 shows, for each polyfunctional
level, the relative proportion of surface phenotypes that account for the response. The percentage of cells
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Table 3. The percentage of cells responding with each function correlated with the proportion of responding cells expressing each of

the 8 phenotypic categories.

CCR7+CD27 CCR7+CD27 CCR7+CD27 CCR7+CD27 CCR7-CD27+ CCR7-CD27+ CCR7-CD27 CCR7-CD27
+CD45Ra+ +CD45Ra— —CD45Ra+ —CD45Ra— CD45Ra+ CD45Ra— —CD45Ra+ —CD45Ra—
(Naive) (Undefined #1)  (Undefined #2) (Tem) (Tto) (Ttm) (Undefined #3) (Tem)
IEN s — s R =0.3083 r=0.2923 s r=(-)0.291 r=(-)0.2422 r=(-)0.3385
v p= p= p < 0.0001 p < 0.0001 p= p < 0.0001 p < 0.0001 p < 0.0001
_ r=0.2071 _ _ _ _ _ r=(-)0.2168
CD107a p=ns p <0.0001 p=ns p=ns p=ns p=ns p=ns p < 0.0001
L2 p=ns p=ns p=ns p=ns p=ns p=ns p=ns p=ns
- _ - _ _ _ r=0.1772 _
MIP-1p p=ns p=ns p=ns p=ns p=ns p=ns p = 0.0005 p=ns
TNE = ns = ns r=0.2973 r=0.2946 r=(-)0.1943 r=(-)0.2039 r=(-)0.2507 r=(-)0.1895
¢ p= p= p <0.0001 p =<0.0001 p =0.0001 p =<0.0001 p =<0.0001 p = 0.0002
*gray and orange shading indicates positive and negative correlations, respectively.
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Figure 4. Polyfunctional CD8+ T cell responses stratified by surface phenotype. Pies indi-
cated the relative proportion of each surface phenotype that makes up the polyfunctional re-
sponse.

responding with each level of polyfunctionality was, than correlated with the proportion of responding cells in
each of the 8 phenotypic categories (Table 4). Monofunctional responding cells were associated with the phe-
notypic categories Undefined #1, Undefined #2 and T¢y (all p < 0.0001), but were inversely correlated to Ty,
Undefined #3 and Tgy (all p < 0.0001). Similarly, dual-functional responding cells were inversely correlated to
Ttm and Tgy (both p < 0.0001). Cells expressing 3 and 4 functions were positively correlated with the pheno-
typic category Undefined #3 (p = 0.0004 and p = 0.0007, respectively) while cells expressing 4 and 5 functions
were correlated to the phenotype Tty (p < 0.0001 and p = 0.0003, respectively). These data suggest that with in-
creasing expression of multiple functions, the memory surface phenotype is variable. Although most of our data
suggests that memory surface markers are unable to predict all functionally active CD8+ T cells, there was a
trend towards polyfunctionality associating with the transitional memory phenotypes, Tty and Undefiend #3.

3.4. Phenotype of HIV and CEF-Specific CD8+ T Cell Responses Stratified by Disease Status

We finally determined whether HIV and CEF-specific CD8+ T cells differ in their phenotypic distributions on
the basis of HIV disease status in this cohort. Participants were separated into normal progressors (NP), long-
term non-progressors (LTNP) and patients on ART, to determine phenotypic differences related to disease pro-
gression. HIV and CEF-specific CD8+ T cells were assigned to the 8 surface phenotypes (as above). Phenotypic
differences were observed in the proportion of responding CD8+ T cells between LTNP, ART or NP subjects,
with the LTNPs having a higher proportion of naive, and a lower proportion of T1p cells, than NPs and ARTs
(Figure 5(a), Figure 5(b), HIV, p < 0.0001 and p = 0.0094; and CEF, p = 0.0012 and p = 0.0074, respectively,
Kruskal-Wallis, Post test Dunn’s multiple comparison). These data suggest that the phenotypic changes on
CD8+ T cells following stimulation also differs between clinical groups and viral-specific populations, perhaps
due to different activation/stimulation histories.

4. Discussion

The complexities of T cell memory continue to be unraveled by advances in flow cytometry, and these in turn
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Table 4. The percentage of cells responding with each level of polyfunctionality correlated with the proportion of responding cells
expressing each of the 8 phenotypic categories.

CCR7+CD27  CCR7+CD27 CCR7+CD27 CCR7+CD27 CCR7-CD27 CCR7-CD27 CCR7-CD27 CCR7-CD27

+CD45Ra+ +CD45Ra— —CD45Ra+ —CD45Ra— +D45Ra+ +CD45Ra— —CD45Ra+ —CD45Ra—
(Naive) (Undefined #1)  (Undefined #2) (TCM) (TTD) (TT™) (Undefined #3) (TEM)
Mono- s r=0.2698 r=0.3607 r =0.3564 s r=(-)0.3544 r=(-)0.3477 r=(-)0.5155
functional p= p <0.0001 p <0.0001 p <0.0001 p= p < 0.0001 p < 0.0001 p < 0.0001
_ _ _ _ _ r=(-)0.2535 _ r=(-)0.2598
2+ p=ns p=ns p=ns p=ns p=ns p < 0.0001 p=ns p < 0.0001
- - _ _ _ _ r=0.1816 _
3+ p=ns p=ns p=ns p=ns p=ns p=ns D = 0.0004 p=ns
- - _ _ _ r=0.1985 r=0.1726 _
4+ p=ns p=ns p=ns p=ns p=ns p <0.0001 D = 0.0007 p=ns
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Figure 5. Expression of eight memory phenotypic categories on CD8+ T cells from HIV-infected subjects stratified by disease status.
Comparison of a) HIV-specific b) CEF-specific. An Asterisk indicates significance (ab p < 0.05, Kruskal-wallis, post test Dunn’s
multiple comparison).

have implications for understanding protective immunity and candidate vaccine evaluation. Although the use of
surface markers to define immunological memory directly ex vivo confers practical advantages, accumulating
evidence suggests that these memory markers may not necessarily correspond with the functional capacities that
are implied to represent [6]. Here for the first time we present a detailed analysis of the memory phenotypic pro-
files of HIV and CEF-specific responses and their correlation with specific functional responses in a cohort of
chronically infected HIV patients. Chiefly, we find that both HIV and CEF-specific CD8+ T cells responses are
observed across all eight phenotypic categories defined by CCR7, CD45RA, and CD27, with naive, Ttp, Tem
and two novel phenotypes (CCR7+CD27-CD45RA~ (Undefined #2), and CCR7-CD27-CD45RA+ (Undefined
#3)) that is predominating. Furthermore, the phenotypic profile differed between HIV and CEF antigen-specific
cells, with HIV-specific cells expressing higher levels of CD45RA, suggesting a reversion to a more antigen in-
experienced state. Interestingly, we observed several differences in phenotypes of individual functional readouts
and polyfunctional cells. Each phenotype had a particular function associated with it. For example cells with the
T1p phenotype, were most likely to express MIP-18 while cells with the Undefined #3 phenotype, were most
likely to express IFNy. Additionally, we found no consistent phenotype to represent the totality of functionally
active CD8+ T cells. When correlating the proportion of memory phenotypes with the percentage of responding
cells regardless of functional parameter, there was no specific phenotype that correlated with all parameters.
These data suggest that it remains important to define antiviral T cells by their functional capacity and that no
one phenotype can define that capacity. In addition, correlation of polyfunctional responses revealed that no
one-memory phenotype could be associated with all, or even the majority of functional activity. Although there
are correlations, suggesting a link between phenotypic markers and particular functions or polyfunctionality, the
correlations is not absolute and surface markers cannot be used in place of measuring functionality. Lastly, con-
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firming previous results, LTNPs appear to have an inherent difference in their CD8+ T cell populations, having
higher proportions of HIV-specific cells expressing CCR7+CD27—-CD45RA+.

A major implication of our data is that surrogate cell surface markers that have been used to define memory
phenotypes may not represent the same antigen-specific T cell populations in all viral infections, populations
examined, or even within various disease states. Our study however is the first to comprehensively evaluate
memory surface phenotypes in the context of HIV-specific polyfunctional T cell responses, in an unbiased ap-
proach evaluating all eight phenotypic categories defined by CCR7, CD45RA, and CD27 including previously
“undefined” populations, and the first to examine polyfunctionality in this context. Our data greatly expands
previous studies that find inconsistences in the memory surface phenotypes of functional CD8+ T cells [7] [8].
CD8+ T cells that have proliferative capacity have been found in both the CCR7+ and CCR7- subsets [11]. Ad-
ditionally, CCR7+ and CCR7— memory CD8+ T cells have been described as having immediate effector func-
tions [9] [10]. Similarly, no correlation between CD45RA expression and proliferation potential or 1L2 produc-
tion has been observed [12]. Our comprehensive data confirms that the use of surrogate memory markers to
capture the broader array of CD8+ T cells functions and polyfunctionality may be insufficient, particularly in the
context of HIV infection.

Determination of function and memory phenotype is particularly critical for understanding the immunology of
a chronic infection such as HIV, which skews the naive/memory compartment, and alters many aspects of T cell
homeostasis [36]. Clearly a complete understanding of HIV pathogenesis needs to account for these factors.
Furthermore, in murine models of chronic viral infection, it is well established that CD8+ T cells are continually
recruited as infection progresses [37]-[39]. This is also likely the case for HIV, as CD8+ T cell specificities can
change dramatically between acute and chronic infection [40] [41]. Virus-specific CD8+ T cells in chronic in-
fections such as HIV demonstrates substantial functional exhaustion, which occurs in a hierarchical manner as
the infection persists and CD8+ T cells become more antigen experienced [33] [42]-[44]. CD8+ T cells in the
final stages of exhaustion have lost their polyfunctional quality. This is important information critical to under-
stand both immune factors that affect disease progression, but also to define correlates of protection against HIV
disease.

There is a possibility that by taking into account other surface markers that were less focused on memory and
more on function, a better definition of effective CD8+ T cells could be gained. These include activation mark-
ers, such as CD69, CD38, and HLA-DR [45]; exhaustion markers, such as PD-1 and Tim-3 [46]-[48]; senes-
cence markers such as CD57 [49]; and cellular turnover markers such as Bcl-2 and Ki67 [34]. Moreover, sys-
tems biology approaches have revealed a vast number of additional molecules that might together better define
the phenotypic state of antigen-specific T cells [50] [51]. Importantly, many of these markers have functional
relevance, as opposed to being surrogates of differentiation history such as CCR7, CD27, and CD45RA, which
is likely, not completely accurate and further skewed by chronic infection with high antigen load. In summary,
these data strongly suggest that CD8+ T cells should be defined by their function rather than surrogate surface
markers. Determination of the optimal functional parameters that can be best used to define CD8+ T cells me-
diating protective immunity remains a primary goal of HIV vaccine evaluation.
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