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Abstract

HIV-2 is distinguished clinically and immunologically from HIV-1 infection by delayed disease
progression and maintenance of HIV-specific CD4* T cell help in most infected subjects. Thus,
HIV-2 provides a unique natural human model in which to investigate correlates of immune
protection against HIV disease progression. Here, we report a detailed assessment of the HIV-2-
specific CD4* and CD8* T cell response compared to HIV-1, using polychromatic flow cytometry
to assess the quality of the HIV-specific T cell response by measuring IFN-y, IL-2, TNF-q,
MIP-18, and CD107a mobilization (degranulation) simultaneously following Gag peptide
stimulation. We find that HIV-2-specific CD4* and CD8* T cells are more polyfunctional that
those specific for HIV-1 and that polyfunctional HIVV-2-specific T cells produce more IFN-y and
TNF-a on a per-cell basis than monofunctional T cells. Polyfunctional HIV-2-specific CD4* T
cells were generally more differentiated and expressed CD57, while there was no association
between function and phenotype in the CD8* Tcell fraction. Polyfunctional HIV-specific T cell
responses are a hallmark of non-progressive HIV-2 infection and may be related to good clinical
outcome in this setting.
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Introduction

The clinical course of disease with HIV-2 infection is attenuated when compared to HIV-1.
The vast majority of HIV-2-infected individuals experience non-progressive disease [1] and
the mortality rate of this subset is not significantly higher than the uninfected population [1,
2]. HIV-2 can cause AIDS in a minority of infected individuals [3], however, most HIV-2-
infected individuals behave as long-term non-progressors (LTNP). Most HIV-2-infected
individuals have low to undetectable viral loads [4], yet levels of proviral DNA in peripheral
blood CD4* T cells is equivalent to that found in HIV-1-infected individuals at the same
stage of disease [5-7]. These observations are consistent with control of HIV-2 viral
replication by host immune responses leading to the lack of subsequent CD4* T cell decline
in typical HIV-2 infection [8].

HIV-2-specific cellular and humoral immune responses have been documented in small
numbers of infected individuals. HIV-2-specific CD8" T cell immune responses have been
shown to be present [9, 10], but not different from HIV-1-specific responses in terms of
IFN-y production [11-13], proliferative capacity [14], or cytotoxicity [12], suggesting that
these aspects of the adaptive immune response to HIV-2 are not the key features
contributing to enhanced viral control and better clinical outcome. One of the characteristic
immune defects in HIV-1 infection is the early loss of HIV-specific CD4" T cells that have
proliferative capacity and the ability to secrete IL-2 [15, 16]. The HIV-specific CD4" T cell
response in chronic infection is thus either entirely absent, severely impaired, or skewed
towards a population that produces IFN-y only [17-19]. In contrast, HIV-specific CD4* T
cells are more frequent in chronic HIV-2 infection [13, 20-22]. Recently, we assessed the
CD4* T cell response to HIV-2 in terms of cytokine production and proliferative capacity
[14]. We found that maintenance of HIV-2-specific CD4* T cell help was a hallmark of
asymptomatic, non-progressive HIV-2 infection. The CD4* T cell response to HIV-2 was
both stronger (higher frequency) and better in quality than the HIV-1-specific CD4" T cell
response; HIV-2-specific CD4* T cells could produce IFN-y, IL-2, or both and retained
proliferative capacity.

Measuring only a few functions of antigen-specific T cells is likely to give an incomplete
and inadequate assessment of functionality, as T cells are capable of exerting many
functions simultaneously. Polyfunctional T cell responses have been documented in HIV-1
LTNP [23], Hepatitis B virus vaccine- [24], HIV vaccine- [24, 25], and vaccinia-induced
responses [26]. Technological advances in flow cytometry now allow for the detection of up
to 18 functional, phenotypic, and lineage markers on T cells, greatly enhancing the
information one can obtain about a cell simultaneously [27]. In this study, we sought to
further characterize the functional quality of the HIV-2-specific CD4* and CD8* T cell
responses in comparison to HIV-1 and to describe the surface phenotype of T cells
responsive to HIV-2 in a cohort of 18 HIV-2* and 16 HIV-1* Gambians. We employed 12-
color flow cytometry to measure five functions of CD4* and CD8* T cells at the single-cell
level: cytokine production (IFN-v, IL-2, and TNF-a), chemokine production (MIP-1p), and
degranulation (surface mobilization of CD107a). Additionally, we assessed the memory
phenotype of functional populations of HIV-2-specific T cells. For this type of in-depth
analysis of multiple functions of T cells it was necessary to ensure that results were not
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biased by very few cells in each functional population. For this reason, we chose to study
individuals who had large magnitude of HIV-specific CD4* T cell responses in our first
study [14], predominantly comprising individuals at asymptomatic or non-progressive stages
of disease. Our findings indicated that HIV-2-infected individuals mount a functionally
superior HIV-specific T cell response characterized by highly polyfunctional HIV-specific
CD4" and CD8™ T cells.

Measuring multiple functional parameters of HIV-1 and HIV-2-specific CD4* T cells

Fig. 1A shows the gating scheme and response pattern in a single HIV-2-infected individual.
It demonstrates that stimulation of PBMC from HIV-2-infected individuals with overlapping
HIV-2 Gag peptides can stimulate CD4" T cell responses characterized functionally by any
of the five parameters we measured. Consistent with their being chosen based upon having
similar magnitudes of CD4" T cell responses to HIV, medians 0.21 and 0.23% of total
memory CD4* T cells were specific for HIV in our HIV-1 and HIV-2 cohort, respectively
(Fig. 1C). However, there were differences in the character of the CD4* T cell responses to
HIV-1 and HIV-2. IFN-y and TNF-a dominate the HIV-2-specific CD4" T cell response
with over 50% of responding cells producing one of these cytokines (Fig. 1B). Interestingly,
the HIV-2-specific CD4™ T cell response is also characterized by 25% of responding cells
producing the CCR5-binding chemokine MIP-1p. Specifically, the HIV-1-specific CD4* T
cell response is characterized by a significantly lower proportion of cells producing IFN-y,
TNF-a, and MIP-1B, compared to HIV-2-specific CD4* T cells. In addition, CD107a is
increased in the HIV-1-specific response with nearly half of all CD4* T cells specific for
HIV-1 mobilizing CD107a in response to Gag peptide stimulus. The proportion of CD4* T
cells producing IL-2 did not differ between HIV-1 and HIV-2 infected individuals.

HIV-2-specific CD4" T cells are more polyfunctional than those specific for HIV-1

The true complexity of the response is greater than is defined by the proportion of HIV-2-
specific CD4" T cells that express any one function. For example, measuring five functional
parameters allows for the identification of 2° unique response patterns. Boolean gating
analysis identifies these 32 response patterns by creating every possible combination of the
five individual functional parameters (IFN-vy, IL-2, TNF-a, MIP-1, and CD107a). The
frequency of each of these 32 functional subpopulations can then be assessed and analyzed
for its contribution to the total HIV-specific CD4* T cell response. Using this technique, we
found that the HIV-2-specific CD4* T cell response was more poly-functional than the
response to HIV-1 (Fig. 1D). Cells simultaneously producing two or more of the five
functions comprised approximately 60% of the HIV-2-specific CD4" T cell response as
compared to less than half of the HIV-1-specific CD4* T cell response.

It is important to note that not all CD4* T cell response patterns are elicited after Gag
peptide stimulus. Rather, only particular combinations of simultaneous functions are
detected. Cells expressing all five functional parameters (five-functional cells) are rare, but
are detectable in HIV-2-infected individuals. The four-functional response to Gag is
confined to a particular combination of functional parameters (production of IFN-y, TNF-,
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MIP-1, and mobilization of CD107a in the absence of IL-2 production) while other
combinations of four functions are not elicited at all. The three-functional Gag response is
heterogeneous, but all elicited response combinations include the production of both IFN-y
and TNF-a. Finally, the two-functional response is composed mainly of cells producing
TNF-a and either IFN-vy or IL-2. By examining each subject's total HIV-specific CD4* T
cell response as a combination of cells with five, four, three, two, or one function, the
difference in the quality between HIV-1 and HIV-2-specific CD4* T cell responses is
appreciable (pie charts, Fig. 1D). Within each individual subject's response, cells with three
or more functions are prominent in HIV-2-infected individuals, while the response is mainly
monofunctional in most HIV-1-infected subjects.

Phenotype of HIV-2-specific CD4" T cells

Combining functional and phenotypic markers in 12-color flow cytometry allows the
identification of phenotypic subsets of virus-specific CD4* T cells and assessment of their
functional properties. Surface phenotypes of antigen-specific cells can be defined
descriptively (as in Fig. 2A) by overlaying antigen-specific CD4* T cells on a background of
total CD4* T cells and examining expression of CD27 and CD45R0, which we have used to
assign designations of “central” and “effector” memory cells. We use these two markers
because the more traditional markers are either notoriously poorly expressed (CCR7) or
absent (CD62L) on cryopreserved PBMC. In Fig. 2A it can be appreciated that HIV-2-
specific CD4* T cells in general are CD27!°% and CD45RO*. However, some functional
populations of cells, such as the 4™ population, are phenotypically heterogeneous with a
proportion of cells that lack CD45R0O expression.

Using surface staining for CD27, CD45R0, and CD57, we arbitrarily divided the HIV-2-
specific CD4* T cell response into seven distinct subsets of memory CD4* T cells (Fig. 2B,
subsets A-G). Eighty percent of total peripheral blood memory CD4* T cells from HIV-2-
infected individuals were found to have a surface phenotype that fell within subsets A and B
and are principally central memory (Fig. 2C) [28]. These cells lacked expression of CD57
and were CD27* or CD27intermediate ang expressed intermediate to high levels of CD45RO.
HIV-2-specific CD4" T cells also predominantly had the characteristic “central memory”
phenotype. However, 20% of HIV-2-specific CD4* T cells were distinguished
phenotypically by intermediate expression of both CD27 and CD45R0, and lack of surface
CD57 expression (subset C), a phenotype not prominent among total peripheral blood CD4*
T cells. An additional 10% of HIV-2-specific CD4* T cells were terminally differentiated, as
assessed by expression of CD57 (subsets E-G).

We observed an association between polyfunctional HIV-2-specific CD4* T cells and stage
of phenotypic differentiation. Among the polyfunctional 4* population, a median 60% of
cells fell within phenotypic subsets E-G (Fig. 2D). A similar trend was seen in the 3*
population, where a greater proportion of these cells were at more advanced stages of
differentiation. In contrast, we observed the opposite trend for 2* cells: The majority of
these cells were found among the less differentiated phenotypic subsets A—C.

We also observed that MIP-1f3 and CD107a were over-represented functions among cells at
later stages of differentiation. Greater than 50% of HIV-2-specific CD4™ T cells in
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phenotypic subsets E-G produced MIP-1f on stimulation with overlapping Gag peptides. In
contrast, only a small proportion of less differentiated cells produced MIP-1p or CD107a
(Fig. 2E). There appeared to be an inverse trend among IL-2-producing cells, which were
proportionally more represented among phenotypically less differentiated cells. There was
no apparent association between function and phenotype among IFN-y or TNF-a-producing
CD4* T cells.

HIV-2-specific CD8" T cells are more polyfunctional than those specific for HIV-1

In addition to measuring CD4" T cell responses to overlapping Gag peptides, this 12-color
panel allowed us to assess CD8" T cell responses. Fig. 3A shows the CD8* T cell response
pattern in a single HIV-2-infected individual. Notably, there are strong IFN-y, TNF-a,
CD107a, and MIP-1 responses, but a paucity of IL-2 produced by HIV-2-specific CD8* T
cells. MIP-1B, CD107a, and IFN-y dominate the HIV-2-specific CD8* T cell response with
over 60% of responding cells exhibiting these functions (Fig. 3B). TNF-a and IL-2 represent
a much smaller proportion of the HIV-2-specific CD8* T cell response. The HIV-1-specific
CDS8™ T cell response is very similar in composition, with CD107a, MIP-1p, and IFN-y
dominating, though the proportion of cells producing MIP-18 and TNF-y is significantly
lower than among HIV-2-specific CD8* T cells. The frequency of CD8" T cells specific for
HIV did not differ in these two cohorts, with a median 1.77 and 1.41% of total memory
CD8™ T cells specific for HIV in our HIV-1 and HIV-2 cohort, respectively (Fig. 3C).

We found that polyfunctional CD8" T cells comprised a much greater proportion of the total
HIV-specific response in HIV-2 infection compared with HIV-1 infection (Fig. 3D). Nearly
half of the HIV-2-specific CD8* T cell response is composed of cells with three or more
functions. In contrast, polyfunctional CD8" T cells were less frequent among responses in
HIV-1 infected individuals; particularly striking was the scarcity of 4™ cells. Again,
monofunctional cells were dominant in the HIV-1-specific CD8* T cell response,
particularly those producing MIP-18 or mobilizing CD107a. These findings are particularly
evident when one examines individual subjects' responses. Cells with four of the five
measured functions are detectable in the vast majority of HIV-2-specific CD8* T cell
responses, but are detectable only in a minority of HIV-1-infected individuals, whose
responses are dominated by monofunctional cells (data not shown).

Phenotype of HIV-2-specific CD8" T cells

Phenotypically, HIV-2-specific CD8* T cells are principally “central memory”,
CD27*CD45RO™ (Fig. 4A). Interestingly, some functional populations of cells are more
heterogeneous in surface phenotype. For example, functional populations that make MIP-1
tend to have a greater proportion of cells with an effector phenotype (i.e. CD27-CD45RQO").
This is quite prominent for cells producing MIP-1p only and is in contrast to the CD4* T cell
responses where 4*, rather than monofunctional cells, were more likely to exhibit greater
differentiation (Fig. 2A). Cells that exert all five functions, including production of IL-2, are
almost entirely CD27+*CD45R0O" even though these cells produce MIP-1B, indicating that
IL-2 production, even in the presence of MIP-1p functionality, defines CD8* T cells with a
central memory-like phenotype.
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Using surface staining for CD27, CD45R0, and CD57, we divided the responding CD8* T
cells into 10 distinct subsets of memory CD8* T cells (Fig. 4B, subsets A-J). Both total
peripheral blood CD8* T cells and HIV-2-specific CD8* T cells were predominantly non-
terminally differentiated (subsets A—E; Fig. 4C). With the exception of subsets A, H, and I,
there were no major differences between total and HIV-2-specific CD8" T cells in terms of
the proportion of cells in each subset. A greater proportion of HIV-2-specific CD8" T cells
fell within phenotypic subset A compared to total CD8* T cells. In contrast, a greater
proportion of total memory CD8* T cells were phenotypically CD57*CD27~ and
CD45RQintermediate or CD45RONe%NVE (sybsets H and 1). This might be attributed to the
presence of chronic memory CD8* T cells specific for another pathogen, such as CMV, in
the peripheral blood. It is known that CMV seropositivity correlates with
immunosenescence of T cells as measured by CD57 expression [29, 30]. Recent data from
neonates in the Gambia indicates that 85% of Gambian individuals are CMV* by 12 months
of life and that CD8* T cells in these CMV* infants have reached a fully differentiated
memory phenotype [31].

In contrast to HIV-2-specific CD4* T cells, we did not observe a clear association between
functional capacity of HIV-2-specific CD8* T cells and stage of phenotypic differentiation.
Seventy to eighty percent of cells in most phenotypic subsets produced MIP-1p and CD107a
in response to overlapping Gag peptides (Fig. 4D), though a smaller proportion of subsets H
and I produced these functions. Additionally, 20% of cells in every subset produced TNF-a
but few cells in any subset produced IL-2. The trends for IFN-y were less clear. There was
no association with CD57 expression and functional capacity, but phenotypic subsets that
lacked CD45R0O expression tended to have a lower proportion of cells that produced IFN-y.
These results indicate that, in contrast to CD4* T cells, there is no clear association between
surface phenotype and functional capacity for HIV-2-specific CD8* T cells.

Polyfunctional HIV-2-specific CD4* and CD8* T cells produce more cytokine on a per-cell

basis

Having determined increased functionality in HI\V-2-specific T cells, it was important to
determine if these antigen-specific cells also produced increased amounts of cytokines in
response to peptide stimulation. We calculated the median fluorescence intensity (MFI) of
each of our five functional parameters for each of the 32 response patterns. We found that
HIV-2-specific CD4* and CD8* T cells expressing multiple functions had a much higher
MFI for IFN-y (Fig. 5) and TNF-a (data not shown) than cells that were less polyfunctional
in nature. Presence or absence of surface CD107a expression did not affect the MFI of IFN-
v or TNF-a, and was disregarded for this analysis. As shown for a single HIV-2-infected
individual in Fig. 5A and C, monofunctional HIV-2-specific CD4* and CD8* T cells have a
very low MFI for IFN-y. In cells with two, three, or four functions, the MFI for IFN-y
gradually increases as the number of functions expressed by these cells increases. Most
striking is the difference between the most polyfunctional cells and the cells with the
capacity to exert only a single function, where the MFI for IFN-v is 20-fold higher among
the polyfunctional HIV-2-specific CD4™ T cells (Fig. 5A) and 15-fold higher among
polyfunctional HIV-2-specific CD8" T cells (Fig. 5C). We observed this trend in all 18
HIV-2-infected individuals we studied, where the MFI for IFN-y was highest among the
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most polyfunctional cells and decreased to very low levels among the least polyfunctional
cells (Fig. 5B and D). This trend was also seen for TNF-a in CD4* and CD8* T cells, but
there was no association between polyfunctionality and MFI for IL-2, MIP-15, or CD107a
(data not shown).

Discussion

The clinical phenotype of HIV-2 infection is quite disparate from typical HIV-1 infection.
For most infected individuals HIV-2 is a lifelong and relatively benign infection
characterized by non-progression even in the absence of antiretroviral therapy. As such,
HIV-2-infected individuals are a unique and under-studied population in which to
characterize and define correlates of protective immunity against HIV disease progression.
Here, we describe a detailed functional and phenotypic assessment of the HIV-2-specific T
cell response in comparison to HIV-1.

HIV-1-specific CD4"* T cells are preferentially targeted by the virus and deleted from the
repertoire [32], leaving an HIV-specific CD4* T cell response that is not only quantitatively,
but also qualitatively impaired. CD4" T cells specific for HIV-1 are skewed towards a sub-
population of cells that is generally proliferation-incompetent and capable of producing only
IFN-vy in the absence of IL-2 [15-19]. We have previously shown that in typical HIV-2
infection there is maintenance of HIV-specific CD4* T cell help [14]. Here, controlling for
the maintenance of HIV-specific CD4* T cell numbers by selecting HIV-1 and HIV-2
infected individuals with a large magnitude of HIV-specific CD4* T cell response, we
further show that the HIV-2-specific T cells exhibit greater functionality. Both CD4* and
CDS8™ T cells specific for HIV-2 are more polyfunctional than those specific for HIV-1 and
exhibit the ability to simultaneously exert multiple functions.

Examining only a few selected functions of virus-specific T cells may generate a distorted
and incomplete interpretation of the function and phenotype of these cells. For example,
previously we examined IFN-y and IL-2 production by HIV-1 and HIV-2 specific CD4* T
cells and observed that HIV-2-specific CD4™ T cells were capable of producing IFN-y, IL-2,
or both, while HIV-1-specific CD4* T cells were capable of producing only IFN-y [14]. In
the current study, however, we assessed three additional functional parameters and
generated a more complex interpretation of phenotype and functionality of these cells.
Though IFN-y and IL-2 captured the bulk of the HIV-2-specific CD4* T cell response, a
significant 12.9% (range 0—-62%) of the HIV-2-specific response would have been missed if
TNF-a, MIP-1, and CD107a had not been examined (data not shown). MIP-18 contributes
a small but substantial proportion of the HIV-2-specific CD4* T cell response, but is almost
entirely absent in the HIV-1-specific CD4* T cell response. It is conceivable that MIP-1j
produced by HIV-2-specific CD4* T cells competes with HIV-2 for the CCR5 receptor, and
may be particularly advantageous function, controlling HIV-2 replication by blocking
infection of susceptible cells and contributing to better clinical outcome.

Cytotoxic T cells induce death of target cells through release of perforin and granzymes
from cytolytic granules, a process termed degranulation [33, 34]. Cytotoxicity is primarily a
function attributed to CD8* T cells and is directly linked to the ability of these cells to
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degranulate [35, 36]. Cytotoxic CD4* T cells are rare, but have been described in chronic
viral infections [37-39]. A subset of HIV-1-specific CD4* T cells have been shown to
express perforin and these perforintfCD4* CTL represented highly differentiated, end-stage
memory CD4* T cells [38]. We find that HIV-1-specific CD4* T cells appear to degranulate
(express CD107a), a function that is consistent with perforin expression. However,
degranulation is not a dominant function exhibited by HIV-2-specific CD4* T cells (Fig. 1).
Expansions of CD4* CTL have also been documented in the setting of other chronic viral
infections, such as EBV and CMV, and in some rheumatoid arthritis patients. Chronic
inflammation may drive the progressive differentiation of CD4* T cells, as has been
observed for CD8* T cells, initially evidenced by the progressive loss of costimulatory
molecules CD28 and CD27 and subsequent acquisition of cytotoxic granules and perforin.
In the absence of generalized hyperimmune activation and chronic antigen stimulation,
CD4* T cells in HIV-2-infected individuals may not be driven towards this particular
pathway of differentiation, as evidenced by their lack of propensity to degranulate (Fig. 1).

HIV-2-specific CD8* T cell responses have been shown to be present [9, 10], but not
different from HIV-1-specific responses in terms of IFN-y production [11-13], proliferative
capacity [14], or cytotoxicity [12], suggesting that these aspects of the adaptive immune
response to HIV-2 are not defining features contributing to enhanced viral control and better
clinical outcome. As has been reported previously in other virus-specific CD8" T cell
responses [23, 24], we found that MIP-1 was even more prominent than IFN-vy in the HIV-
specific CD8™ T cell response, in both HIV-1 and HIV-2 infected individuals. Though these
two functions are often expressed simultaneously, there is a substantial fraction of the total
HIV-specific CD8* T cell response that is represented by cells expressing MIP-18 in the
absence of IFN-y expression, a functional profile that would be missed by excluding MIP-13
from analysis. Similarly, CD107a expression among HIV-specific CD8* T cells is dominant;
75% of both the HIV-1 and HIV-2-specific CD8* T cell response consists of cells with the
capacity to degranulate and many of these CD107a expressing cells do not produce IFN-y.
This is an additional major function of the HIV-specific CD8" T cell response that is not
fully captured by analyzing only IFN-vy expression. For the first time, we have documented
differences in the HIV-1- and HIV-2-specific CD8" T cell response. HIV-2-specific CD8* T
cells are highly polyfunctional with nearly half of the entire response composed of cells that
express at least three functional parameters simultaneously, including MIP-1f and CD107a
expression. However, these differences in the HIV-1 and HIV-2-specific CD8* T cell
response would not have been apparent by studying only IFN-y and IL-2 expression.
Measuring IFN-y production alone may not be a sufficient tool for measuring or describing
virus-specific T cell responses, as smaller but significant functional populations may not
produce IFN-y.

We have previously reported that the difference in functionality between HIV-1 and HIV-2
specific CD4* T cells is among non-terminally differentiated (CD577) cells [14]. However,
analysis of additional functional parameters extends this interpretation. Here, we have
observed that there is an association between function and phenotype of HIV-2-specific
CD4* T cells. In particular, production of MIP-13 and CD107a define cells at a later stage of
differentiation. The phenotype of IFN-vy or IL-2 producing cells is predominantly
CD57-CD27+*CD45R0", a phenotype associated with central memory characteristics.
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HIV-2-specific CD4* T cells that produce MIP-18, CD107a, or TNF-a in the absence of
IFN-y and IL-2 are more heterogeneous in phenotype. A proportion of these cells do express
CD57 and are intermediate or negative for CD27 expression and lack CD45R0, an
advanced maturational phenotype stage that would not have been appreciated fully without
assessing these additional parameters (data not shown).

Virus-specific CD4* T cells which produce multiple effector functions simultaneously, such
as IL-2 and IFN-vy, have been shown to be a hallmark of protective immunity in controlled
viral infections, such as CMV and EBV [39, 40]. Recent data suggest that potent prime-
boost vaccine strategies can generate polyfunctional memory CD4" T cell responses against
other pathogens such as Mycobacterium tuberculosis [41], resulting in long-lasting
immunity against this infection. CD4* T cells that produce both IFN-y and IL-2 have also
been described in HIV-1 infected individuals [42, 43] and the presence of these
'polyfunctional' HIV-specific CD4* T cells has been shown to cluster among populations of
HIV-1* individuals with non-progressive disease and relative virologic control (low to
undetectable viral load) [42—-44]. However, as many as half of HIV-1 elite controllers or
LTNP lack these polyfunctional HIV-specific CD4* T cells [18, 45]. Studies assessing
multiple functional parameters of virus-specific CD8* T cells are limited. HIV-1 LTNP have
been shown to have a greater proportion of polyfunctional HIV-specific CD8" T cells
producing several effector molecules (IFN-y, IL-2, TNF-a, MIP-13, and CD107a) than
HIV-1 progressors [23, 46], and polyfunctional T cells have been documented in HIV and
Hepatitis B vaccine recipients [24] as well as individuals vaccinated with vaccinia virus
[26]. Here, we have documented a predominance of polyfunctional CD4* and CD8* T cells
specific for HIV-2 in individuals with virologic control. HIV-2-infected individuals with
low or undetectable viral load and preserved CD4™ T cell counts maintain both a CD4* and
CD8* HIV-specific T cell response that is highly polyfunctional in nature.

Not only are these polyfunctional T cells more frequent in HIV-2 than in HIV-1-infected
individuals, accounting for a larger proportion of the response, but also they are capable of
producing much more cytokine than is predicted based on their frequency. Each cell
produces 15-20 times more IFN-y and TNF-a than cells that have the capacity to produce
only one function. Therefore, one polyfunctional cell producing multiple types of effector
molecules generates a greater quantity of effector molecules than do five monofunctional
cells each producing one type of effector molecule. This suggests that these polyfunctional
antigen-specific T cells are highly potent effectors, as they are individually capable of
producing increased quantities of multiple effector molecules. Additional support for this
phenomenon has been described in human and mouse vaccine studies where vaccine-
induced multifunctional T cells specific for vaccinia virus [26] and Leishmania major [47]
produce higher amounts of IFN-y than monofunctional cells.

Here, we documented the presence of HIV-2-specific CD4" and CD8* T cells capable of
producing multiple antiviral effector functions in response to HIV peptide stimulus in a
cohort of asymptomatic HIV-2-infected individuals. Indeed, aside from four individuals
with very low plasma viral load, all individuals had undetectable virus in plasma. It is
certainly plausible that these polyfunctional CD4* and CD8* Tcells specific for HIV-2 play
a contributory role in maintaining HIV-2 viral loads at undetectable levels for many years.
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Certainly, polyfunctional CD8* T cells specific for HIV-1 have also been shown to be
elevated in rare LTNP who are also distinguished by undetectable plasma viral loads [23].
Alternatively, in the absence of extreme viral pressure in the form of high levels of plasma
viremia, the development of highly polyfunctional Tcells specific for HIV-2 may be
preferentially selected. Either as a cause or consequence of low viral burden, polyfunctional
CD4" and CD8™ T cells specific for HIV-2 endowed with the capacity to secrete multiple
effector cytokines simultaneously and at high concentrations per cell are a hallmark of this
generally well-controlled infection. Recent evidence suggests that polyfunctional T cells are
operative in control of infection by some pathogens. Specifically, mice immunized against
Leishmania major that develop polyfunctional CD4* T cell responses are protected against
subsequent challenge with L. major while the same is not true of mice that develop a similar
magnitude of CD4* T cell responses that are not polyfunctional [47]. The antigen-specific
CD4* T cells that simultaneously produce IFN-y, IL-2, and TNF-a appear to mediate
protection against infection and produce much more IFN-y per cell than monofunctional T
cells generated by the vaccine [47]. These data offer support that polyfunctional T cells are
more than just a correlate of protection; they are more efficient effectors and are causally
linked to protection from disease. It is clear that measuring multiple antiviral effector
cytokines, chemokines, and other molecules simultaneously is essential for generating a
complete picture of antiviral T cell immunity, and will be important in the proper and full
evaluation of vaccine-induced T cell responses against numerous pathogens.

Materials and methods

Study subjects

Eighteen HIV-2" and 16 HIV-1* subjects were recruited from the clinical HIV cohort
attending the Genitourinary Medicine Clinic based at the Medical Research Council Unit in
Fajara, The Gambia. These subjects had participated in our previous study [14]. In order to
focus on differences in the quality, rather than the magnitude, of the CD4* T cell responses
to HIV-1 and HIV-2, we chose subjects with similar and high CD4* T cell responses to
HIV. All subjects were antiretroviral therapy naive. Study participants were screened for
HIV-1 and HIV-2 using the Murex ICE HIV-1.2.0 capture enzyme immunoassay (Murex
Diagnostics, Kent, UK). All reactive samples were confirmed as HIV-1- or HIV-2-positive
using two type-specific competitive ELISA (Murex). HIV-1 and HIV-2 plasma viral loads
were measured by an in-house reverse-transcriptase PCR assay using specific long terminal
repeat primers [48]. Lower limit of detection for viral load assays was 100 RNA copies/mL.
Percentages of CD4" T lymphocytes and absolute CD4* T cell counts were determined by
flow cytometry using BD MultiTest reagents and MultiSet software. Ethical approval was
obtained from the Gambian Government/ MRC Ethics Committee and each study participant
gave informed consent prior to entry into the study. CD4 counts and viral load data are
shown in Table 1. HIV-2-infected individuals had lower viral loads and higher CD4* T cell
counts than the HIV-1-infected cohort did. Of 18 HIV-2* individuals, 14 had undetectable
viral load, and among those with detectable viral load, none was above 5000 RNA
copies/mL. Median CD4 percentage was 34% with a range of 21-54%. Mean viral load
among HIV-1 infected individuals was 146 040 (range 10 555-478 962) and CD4
percentage was substantially lower than the HIV-2 cohort with a median 19% (range
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6-39%). PBMC were isolated via Hypaque-Ficoll (Pharmacia) density centrifugation and
cryopreserved at —80[N°teflC in 90% FCS and 10% DMSO (Sigma) until use.

Synthetic peptides
Fifteen-mer peptides overlapping by 11 amino acids corresponding to the full-length Gag
consensus sequence from five Gambian HIV-2 isolates were synthesized as free amino acids
and were greater than 85% pure by HPLC. HIV-1 Clade A full-length Gag consensus
sequence was used to create 15-mers overlapping by 11 (NIH AIDS Research and Reference
Reagent Program) as most HIV-1 infections in the Gambia are CRF-02, an A/G recombinant
strain of which gag is subtype A [49, 50]. Lyophylized peptides were reconstituted in
DMSO at 50 mg/mL. Overlapping peptides were grouped into an HIV-2 Gag pool (128
peptides) and HIV-1 Gag pool (105 peptides) such that the concentration of each peptide
within the pool was 400 pg/mL. Peptide pools were used at a final concentration of 2 pg/mL/
peptide within the pool such that each peptide was at a final concentration of 2 ug/mL in all
experiments.

Polychromatic flow cytometry mAb

The following 12-color flow cytometric panel was used to analyze five T cell functions and
describe maturation phenotype. Directly conjugated mAb were obtained from BD
PharMingen (San Diego, CA): IFN-y-FITC, MIP-1B-PE, IL-2-APC, TNF-a-Cy7PE, CD3-
Cy7APC, Caltag (Burlingame, CA): CD4-Cy5.5PE, and from Beckman Coulter (Miami,
FL): CD45R0O-ECD. The following antibodies were conjugated in our laboratory according
to standard protocols (http://drmr.com/abcon/index.html): CD107a-Alexa 680, CD27-
Cy5PE, CD14-Cascade blue, CD19-Cascade blue. The following antibodies were
conjugated in our laboratory as described [27]: CD8-QD705, CD57-QD545. Unconjugated
antibodies were obtained from BD Biosciences. Quantum Dots were obtained from
Quantum Dot Corporation (Hayward, CA), Alexa 680 and Cascade blue were obtained from
Molecular Probes (Eugene, OR), and Cy5 was obtained from Amersham Biosciences
(Pittsburgh, PA). A violet fluorescent reactive dye (Molecular Probes) was used as a
viability marker to exclude dead cells from analysis, as described [51].

Stimulation and staining

Freshly thawed, cryopreserved PBMC were resuspended at 1-5 x 106 cells/mL in complete
RPMI media (RPMI 1640 supplemented with 10% heat inactivated FCS, 100 U/mL
penicillin G, 100 pg/mL streptomycin sulfate and 1.7 mM sodium glutamate) containing 10
U/mL DNasel (Roche Diagnostics, Indianapolis, IN) and rested overnight at 37°C.
Costimulatory antibodies (anti-CD28 and anti-CD49d; 1 ug/ mL each; BD Biosciences),
monensin (Golgistop, 0.7 uL/mL; BD Biosciences), brefeldin A (10 ug/mL; Sigma-Aldrich),
and anti-CD107a-Alexa 680 were then added to all tubes. Overlapping Gag peptide pools
(final concentration 2 pg/mL/ peptide) were used to stimulate HIV-specific responses.
HIV-1 or HIV-2 Gag peptide pools were utilized according to the status of the individual.
For each individual, a negative control containing only anti-CD28 and anti-CD49d was used
to measure antigen-independent stimulation and a positive control Staphylococcus
Enterotoxin B (SEB; final concentration 2 pg/mL; Sigma-Aldrich) was used to ensure that
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cells were responsive during each experiment. Cells were incubated for 5.5 h at 37°C.
Following incubation, cells were washed using wash buffer (PBS containing 1% serum
bovine albumin and 0.1% sodium azide) and stained with pre-titered surface antibodies.
Cells were then washed and fix/permeabilized with Cytofix/Cytoperm according to the
manufacturer's instructions (BD PharMingen). Following permeabilization, cells were
washed twice with Cytofix/Cytoperm wash buffer and stained intracellularly with pre-titered
antibodies specific for CD3, cytokines, and chemokines. Following staining, cells were
washed, fixed in PBS containing 1% paraformaldehyde, and analyzed immediately by flow
cytometry.

Flow cytometry

Cells were analyzed on a FACSAria cell sorter modified to detect 18 fluorophores. Between
1 x 108 and 2.5 x 10° events were collected per sample for analysis. Data analysis was
performed using FlowJo version 8.1.1 (TreeStar, San Carlos, CA). Forward scatter (FSC)-
area versus FSC-height parameters were used to exclude cell doublets followed by exclusion
of dead cells, monocytes, and B cells. Small lymphocytes were identified using forward and
side scatter properties. T cells were identified by gating on cells positive for CD3. CD4* T
cells were identified by first excluding any CD3*CD8" cells and then gating on cells
positive for CD4. Similarly, CD8* T cells were identified by initial exclusion of CD3*CD4"*
cells, and subsequent gating on cells positive for CD8. These gates were designed to include
stimulated cells that may have down-regulated surface expression of CD3, CD4, or CD8 by
plotting versus IFN-y (for example, see Fig. 1A). For functional analysis, memory T cells
were then isolated by excluding naive cells (CD27+*CD45R0™). After identifying memory
CD4" or CD8* T cells, functional analysis included creation of gates for each of our
measured five functions (IFN-y, IL-2, TNF-a, MIP-18, CD107a). Boolean gate arrays were
then created using the FlowJo platform. This analysis determined the frequency of each of
32 possible response patterns based on all possible combinations of our five functions of
interest. Nonspecific background responses detected in the 28/49d control tubes were then
subtracted from responses in stimulated samples for each of the 32 response patterns
individually. We detected a significant amount of TNF-a background in our unstimulated
samples from Gambian HIV-1 and HIV-2 infected donors. These were live, memory CD4*
T cells producing TNF-a alone (in the absence of any of the other four functions) ex vivo.
This TNF-a single-positive background was specific to CD4* T cells, was not detected
among HIV-specific CD8* T cells, and was found exclusively in PBMC samples isolated
from Gambians. We did not detect this background in normal healthy volunteers or PBMC
from HIV-infected donors in the United States. We hypothesize that these responses come
from real, activated memory CD4* T cells in the peripheral blood of these HIV-infected
Gambians, possibly a population of cells that were activated in vivo in response to another
antigen. This population of cells was excluded from further analysis for the CD4" T cell
population, resulting in an analysis of 30 distinct functional populations of CD4* T cells as
opposed to 31 populations of CD8* T cells.

Data analysis and statistics

SPICE (Simplified Presentation of Incredibly Complex Evaluations, Version 2.9, Mario
Roederer, Vaccine Research Center, NIAID, NIH) was used to analyze polychromatic flow
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cytometry data and to generate graphical representations of T cell responses. Since all Gag-
stimulated samples were background subtracted, those response patterns where the response
frequency in the 28/49d sample was greater than the peptide-stimulated sample had negative
values. These values were set to zero. However, in order to avoid a systematic bias in setting
to zero only these negative values, we set a threshold of twice the 90t percentile (which
approximates the 95™ percentile), such that frequencies below this value were also set to
zero. This value was chosen based on the distribution of negative values in the background-
subtracted dataset for CD4* and CD8* T cell responses individually. This threshold was
0.012% for CD4* T cell responses and 0.008% for CD8™ T cell responses in this dataset.
Statistical tests were performed using Mann Whitney U test (GraphPad Prism version 4.0)
and permutation test (SPICE, version 2.9). Differences were considered statistically
significant when p <0.05.
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Figure 1.

Polyfunctional HIV-specific CD4* T cells are prominent in HIV-2. (A) Representative
gating scheme for identification of HIV Gag-specific CD4" T cell responses is shown for
single HIV-2-infected individual. Gates for each of the five functions were set based on the
negative control (28/49d sample) for each individual. (B) The proportion of the total HIV-
specific memory CD4* T cell response contributed by each function is shown with boxes
representing medians and interquartile ranges in 16 HIV-1 (grey) and 18 HIV-2 (red)
subjects. Differences were assessed by Mann-Whitney U test and p values are shown. NS =
not significant. (C) The magnitude of the total HIV Gag-specific memory CD4* T cell
response was calculated based on the summation of all individual functional response
patterns. The median line is shown. (D) The functional complexity of the HIV-specific
CD4* T cells response was assessed by analyzing the individual response patterns. The x-
axis displays each response pattern, whose composition is denoted with a dot for the
presence of CD107a, IFN-y, IL-2, MIP-1p, and TNF-a. The proportion of the total memory
CD4* T cell response contributed by each response pattern for each individual and the
median and interquartile ranges are shown. The response patterns are grouped and color-
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coded by number of positive functions and summarized in pie chart form where each pie
slice represents the mean proportion of the total CD4* T cell response contributed by
response patterns that have all five (red) or any combination of four (orange), three (yellow),
two (green), or one (blue) of the measured functions.
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Figure 2.
Association between function and phenotype in HIV-2-specific CD4* T cells. (A) Surface

phenotype of HIV-2-specific CD4* T cells in shown for representative functional
populations (5*:7*G*2*M*T*; 4" 7*G*M*T*; 3*:G*M*T*; 2*:G*T*; 1*:G*) in a single
HIV-2 subject by overlaying responding cells (red dots) on a density plot of total CD4* T
cells, showing CD27 and CD45RO0 expression. (B) Further phenotype analysis incorporated
CD57 expression and responding cells were divided into seven phenotypic subsets (A-G).
(C) The distribution of total peripheral CD4* T cells (grey bars) or HIV-2-specific CD4* T
cells (white bars) among the seven phenotypic subsets was examined in six HIV-2*
individuals. The proportion of CD4* T cells that fell within each phenotypic subset is shown
with boxes representing medians and interquartile ranges. These data are summarized in
color-coded pie chart form where each pie slice represents the mean proportional
contribution of each subset to the total. (D) The phenotypic distribution of cells with a given
functional profile was examined. The relative contribution to a 4*,3*, and 2* functional
population was examined for each of the seven phenotypic subsets. Median and interquartile
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ranges are shown. (E) The functional profile of each phenotypic subset is shown. For each
phenotype, the proportion of cells producing a given function is shown with median and
interquartile ranges; 7 = CD107a; G = IFN-y; 2 = IL-2; M = MIP-1B; T = TNF-a.
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Figure 3.
HIV-2-specific CD8* T cells express multiple effector functions. (A) HIV-specific CD8* T

cell responses were assessed using the same five functions as for CD4* T cell responses
(CD107a, IFN-y, MIP-18, IL-2, and TNF-a). Gates for each function were set based on the
negative control sample for each individual and are shown for a single HIV-2* subject. (B)
The proportion of the total HIV-specific CD8* T cell response contributed by each of the
five functions was assessed in 16 HIV-1* and 18 HIV-2" subjects and is reported as single
function frequency divided by the frequency of the total response. Medians and interquartile
ranges are shown. Differences were assessed by Mann-Whitney U test and p values are
shown. NS = not significant. (C) The magnitude of the total memory CD8* T cell response
was calculated by summing all individual response patterns (median line is shown). (D) All
possible response patterns were analyzed for proportional contribution to the total Gag-
specific CD8" T cell response and data are displayed as in Fig. 1D.

Eur J Immunol. Author manuscript; available in PMC 2009 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Duvall et al.

Page 22
A 5+ 4+ 3+ 24 1+
T+Ge2eM+T+ TeGeldeTe T+GeM+ Tehd+ M+
[
ol
Q | : L c
S | L bt b b
i L u ! 1 . J - ‘-

CD45RO

cog* T cells
cos7* CDS7°
1: 22 HV-2-spacific
= | s CODE' T colls CD&* T calls
Hlgm = a8 A 0
8 { - 8 i
| " -
| -
L= He G 8 = H
CD45RO CD45RO §l° ‘ H I
R® o % r é Bﬁ & =
Subwmal A (] = [+] E F G H i d
el B [ ] u | | ] | [ ] |
g"“—' A . 2 = :mvl
L. Nﬂiﬁ B LT =
: I B s
L Setnd = F
§a~ i- -t
s o B Sete|
TR L L w0
& il 5 .
| % » i
%: j_ 8;& Iér' Ii gc
LY L g;:—; i i
# 0 ey # ¢ :-c-.u B # L2

Figure 4.
No association between function and phenotype in HIV-2-specific CD8* T cells. (A)

Surface phenotype of HIV-2-specific CD8* T cells in shown for representative functional
populations (5*:77G*2*M*T*; 4% 7*G*M*T*; 3*:7*G*M*; 2*:7*M*; 1*:M™")in a single
HIV-2 subject by overlaying responding cells (red dots) on a density plot of total CD8* T
cells, showing CD27 and CD45RO0 expression. (B) Further phenotype analysis incorporated
CD57 expression and responding cells were divided into ten phenotypic subsets (A-J). (C)
The distribution of total peripheral CD8" T cells or HIV-2-specific CD8* T cells among the
ten phenotypic subsets was examined in six HIV-2* individuals. These data are displayed as
in Fig. 2C. (D) No association between functionality and stage of phenotypic differentiation
was observed in the CD8* T cell fraction. The functional profile of each of the ten
phenotypic subsets was similar. For each phenotype, the proportion of cells producing a
given function is shown with median and interquartile ranges; 7 = CD107a; G = IFN-y; 2 =
IL-2; M = MIP-18; T = TNF-a.
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Figure 5.
Polyfunctional T cells produce more cytokine than monofunctional cells. (A) Median

fluorescent intensity (MFI) for each function was calculated for the dominant HIV-2-
specific CD4" T cell populations. IFN-y MFI for each functional population is shown as a
histogram and color-coded according to the number of positive functions. Data from a single
HIV-2-infected individual are shown and is representative of 17 additional HIV-2* subjects.
(B) IFN-y MFI data was compiled for 18 HIV-2* individuals for each functional population.
IFN-y MFI was highest among the most polyfunctional populations, and lowest among
monofunctional cells. Median IFN-y MFI for each population is shown. (C) IFN-y MFI for
dominant HIV-2-specific CD8* T cell responses are shown as histograms in a single HIV-2*
subject as in (A). (D) IFN-y MFI data was compiled for 18 HIV-2" subjects. Median IFN-y
MFI for each population is shown; 7 = CD107a; G = IFN-y; 2 = IL-2; M = MIP-1B; T =
TNF-a.
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Characteristics of study cohort

Table 1

Subject Viral load (RNA copiess/mL) CD4%  Absolute CD4 (cells/uL)
HIV-2-1 <100 54 1080
HIV-2-2 <100 30 690
HIV-2-3 685 49 640
HIV-2-4 <100 42 560
HIV-2-5 3842 46 810
HIV-2-6 <100 42 780
HIV-2-7 <100 30 700
HIV-2-8 <100 33 1050
HIV-2-9 <100 32 670
HIV-2-10 <100 36 1270
HIV-2-11 <100 29 1090
HIV-2-12 <100 35 450
HIV-2-13 4810 23 520
HIV-2-14 <100 39 1160
HIV-2-15 <100 26 640
HIV-2-16 <100 28 450
HIV-2-17 1927 24 270
HIV-2-18 <100 21 360
HIV-1-1 97 059 21 450
HIV-1-2 194 809 19 490
HIV-1-3 149 461 17 220
HIV-1-4 36 689 29 850
HIV-1-5 191 082 11 120
HIV-1-6 10 555 39 420
HIV-1-7 43742 14 170
HIV-1-8 96 984 12 90
HIV-1-9 105 951 31 980
HIV-1-10 320430 7 240
HIV-1-11 206 553 10 550
HIV-1-12 273 340 13 320
HIV-1-13 88910 8 250
HIV-1-14 478 962 6 190
HIV-1-15 26138 31 650
HIV-1-16 15969 31 690
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