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CD4+ T cells are critical players in the host adaptive immune response. Emerging evidence
suggests that certain CD4+ T cell subsets contribute significantly to the production of
neutralizing antibodies and help in the control of virus replication. Circulating T follicular
helper cells (Tfh) constitute a key T cell subset that triggers the adaptive immune response
and stimulates the production of neutralizing antibodies (NAbs). T cells having stem cell-
like property, called stem-like memory T cells (Tscm), constitute another important subset
of T cells that play a critical role in slowing the rate of disease progression through the
differentiation and expansion of different types of memory cell subsets. However, the role
of these immune cell subsets in T cell homeostasis, CD4+ T cell proliferation, and
progression of disease, particularly in HIV-2 infection, has not yet been elucidated. The
present study involved a detailed evaluation of the different CD4+ T cell subsets in HIV-2
infected persons with a view to understanding the role of these immune cell subsets in the
better control of virus replication and delayed disease progression that is characteristic of
HIV-2 infection. We observed elevated levels of CD4+ Tfh and CD4+ Tscm cells along with
memory and effector T cell abundance in HIV-2 infected individuals. We also found
increased frequencies of CXCR5+ CD8+ T cells and CD8+ Tscm cells, as well as memory
B cells that are responsible for NAb development in HIV-2 infected persons. Interestingly,
we found that the frequency of memory CD4+ T cells as well as memory B cells correlated
significantly with neutralizing antibody titers in HIV-2 infected persons. These observations
point to a more robust CD4+ T cell response that supports B cell differentiation, antibody
production, and CD8+ T cell development in HIV-2 infected persons and contributes to
better control of the virus and slower rate of disease progression in these individuals.
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INTRODUCTION

Acquired immunodeficiency in humans is caused by two types of
human immunodeficiency virus (HIV), namely HIV-1 and HIV-2
(1). HIV-2 is less pathogenic than HIV-1, the course of disease is
slower, and the proportion of disease controllers is significantly
greater with HIV-2 infection (2). Unlike the case in HIV-1
infection, reduction in CD4+ T cells is much slower in HIV-2
infection (2). Several studies have documented the significance of
antiviral CD4+ as well as CD8+ T cells in the control of infection in
HIV-1 non-progressors and HIV-2 slow progressors (3–7).
Studies have also shown differences in levels of expression of
immune activation as well exhaustion markers including HLA-
DR, PD1, CCR5, SAMHD1, Blimp-1 and TRIM5a on CD4+ T cell
subsets in HIV-1 and HIV-2 infected individuals (8). Other
factors that have been implicated in slower disease progression
associated with HIV-2 infection include higher frequencies of
virus-specific highly differentiated polyfunctional T cells and high
titers of neutralizing antibodies (7, 9). However, the role of
recently identified CD4+ T cell subsets like the T follicular
helper cells and stem cell like memory T cells that are known to
play a critical role in the control of HIV infection have not been
investigated in the context of HIV-2 infection.

B cell-helping follicular T helper cells (Tfh cells) are reported
to be an important subset of T cells involved in the production of
high titers of neutralizing antibodies during the course of HIV
disease as well as vaccination (10, 11). Earlier studies have
documented the central role of Tfh cells in the control of HIV
infection in long-term non-progressors (LTNPs) (8). A recent
study found that Tfh cells constitute major viral reservoirs even
in HIV-2 infected individuals with undetectable viremia and
preserved blood CD4+ T cell counts (12). Since the last decade, T
cells having stem cell-like properties (TSCM cells) have gained
much focus. The self-renewal capacity and longer survival period
of TSCM cells gives them the opportunity to differentiate into
effector T cells (13). Increased frequency of TSCM cells has also
been reported in HIV-vaccinated individuals as well as elite
controllers (EC) (14, 15). While there is evidence to suggest that
TSCM cells are essential for differentiation and enrichment of
mature central effector (CE), effector memory (EM), and
terminal effector (TE) cells in HIV-1 infected individuals (16–
18), the possible role of these cells in HIV-2 infection has not
been well explored.

It has been reported that the total number of B cells in
peripheral blood also increases with an increase in CD4+ T cell
count after initiation of ART (19, 20), since the CD4+ T cells
connect the cellular and humoral arms of the immune system.
Studies have reported that memory B cell subsets are significantly
expanded in HIV-2 infected persons as compared to HIV-1
infected individuals irrespective of their treatment status (21–
23). Our data also demonstrate a significant expansion in the
antigen-specific CD4+ T cell subset in HIV-2 infected
individuals, and suggest that these cells could support the
activation of plasmablasts, atypical and memory B cells, as well
as polyfunctional T cell and antigen-presenting cell (APC)
activity (24), thus providing the basis for a robust host
immune response against the pathogen. Similarly, studies on
Frontiers in Immunology | www.frontiersin.org 2
NK cells in HIV infection have critically acclaimed their role in
antiviral activity (25–27). Functional and genetic studies have
demonstrated the role of NK cells in slowing down disease
progression (28). However, as infection progresses, NK cell
subsets undergo phenotypic and functional abnormalities
resulting in failure to control viral movement (28). While a
large number of studies have focused on understanding the
phenotype and function of NK cells in HIV-1 infection, very
little is known about the role of these cell subsets in HIV-2
disease and their contribution to viral control.

The current study was undertaken to understand the role of
Tfh cells, TSCM cells, follicular homing CD8+ T cells, as well as B
cells and NK cells in determining the course of disease
progression in HIV infection. We found elevated levels of
CD4+ as well as CD8+ T cells that are phenotypically unique
and express higher levels of markers pertaining to T stem cell–
likeness and follicular homing phenotype, as well as CXCR5 on
their surface in HIV-2 infected persons. Furthermore, we
observed a higher frequency of memory B cells and NK cells in
these individuals. Our observations throw light on some of the
critical CD4+ and CD8+ T cell subsets and immune responses
associated with better protection against disease progression in
HIV-infected individuals and suggest that a successful HIV
vaccine should elicit some of these key immune responses in
order to confer protection in vaccine recipients.
MATERIALS AND METHODS

Ethics Statement
The study protocol was approved by the Scientific Advisory
Committee of the ICMR-National Institute for Research in
Tuberculosis (NIRT), Chennai, India, and the study was
conducted in accordance with Good Clinical Laboratory
Practice (GCLP) guidelines. The study protocol was also
reviewed and approved by the Institutional Ethics Committee
of ICMR-NIRT (TRC IEC No: 2009009) and the Institutional
Review Board of the Y. R. Gaitonde Centre for AIDS Research
and Education (YRG IRB No: 279), Chennai, India.

Study Participants
The study was carried out on samples collected during the period
2016-2018. Sample collection was performed at YRG CARE, one
of the largest tertiary referral HIV Care Centres in southern
India, providing medical care and support for more than 22,000
patients, and the study was conducted at ICMR-NIRT. The study
population comprised of 4 groups of individuals: (i) HIV-2
infected persons (HIV-2; n=37), (ii) HIV-1 infected individuals
on antiretroviral therapy (HIV-1+ART+; n=10),(iii) HIV-
infected individuals naïve to ART (HIV-1+ART-; n=10), and
(iv) HIV–unexposed uninfected healthy women (HU; n=35).
Individuals in groups 1 & 2 received ZDV (Zidovudine) + 3TC
(Lamivudine) + NVP (Nevirapine) or TDF (Tenofovir) + 3TC
(Lamivudine) + EFV (Efavirenz) as per the National Technical
Guidelines on Antiretroviral Treatment (NACO, 2018). In
addition, we also included a group of HIV exposed
April 2021 | Volume 12 | Article 666388
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seronegative (HESN) individuals who were HIV-uninfected
female spouses of HIV-1 seropositive men (HIV discordant
couples; n=35) from one of our earlier studies (unpublished
data) for comparison. Enrolment into the study required the
willingness of participants to provide written informed consent
for specimen collection and storage. All HIV-2 infected persons
were free of HIV-1 co-infection at the time of sampling
(Table 1). Diagnosis and confirmation of HIV-2 infection was
based on serological and molecular diagnostic tests. Serological
testing was done using the Retro quick rapid test (Qualpro
Diagnostics) and HIV-1/2 Tridot (J. Mitra). Samples were
further tested using molecular tests to confirm the absence of
HIV-1 co-infection with negative detection in HIV-1 DNA-PCR
and positive detection in HIV-2 gene-specific PCR.

Isolation and Cryopreservation of PBMC
Ten milliliters of blood was collected from all study participants
by venepuncture in a green top VACUTAINER® containing
sodium heparin as the anticoagulant and used for the isolation of
peripheral blood mononuclear cells (PBMC). PBMC were
isolated by density gradient centrifugation and cryopreserved
at <-190°C.

Phenotypic Analysis of Immune Cell
Subsets
Cryopreserved PBMC obtained from the study participants were
used for immunophenotyping by flow cytometry. Briefly, two
million cells were washed with FACS buffer and stained with
Live/Dead Fixable Aqua blue dye (Invitrogen). The following
cocktail of monoclonal antibodies were used to enumerate the
different cell types: T follicular helper and Treg panel: CD3-APC
H7 (SK7), CD4-BUV 737 (SK3), CD8-APC R 700 (RPA-T8),
CD45RO BUV395 (UCHL-1),CCR7-PEcy7 (G043H7), CXCR3-
PERCP Cy5.5 (IC6), CXCR5-BB515 (RF8B2), PD-1-PE
(EH12.1) , CD25-APC (A251) and CD127-PECF594
(HIL.7R.M21); B cell panel: CD3-APC H7(SK7), CD38-APC
(HIT2), CD20-PE (HIB19), CD19-BUV395 (3H7), IgD-BUV737
(IA6.2), CD27-BB515 (0323; Memory T cell and TSCM panel:
CD3-APCH7 (SK7), CD8-APCR700 (RPA.T8), CD4-BUV737
(RPA-T4), CD45RO-BUV395 (UCHL-1), CCR7-PEcy7
(G043H7),CD95-PECF594 (DX2), CD28-APC (28.2), CD122-
PE (MIKB2). NK cell panel: CD3-APCH7 (SK7), CD56-APC
(B519), CD16-BUV737 (3CG8), CD95- PECF594 (DX2),
NKG2D-PERCP CY5.5 (1D11). Cells were stained with the
antibodies for 20 minutes at 4°C (antibody and clone
Frontiers in Immunology | www.frontiersin.org 3
description are provided in Table S1). About 2 × 106 cells
were stained for each panel. After staining, the cells were
washed, fixed with BD Cytofix (2% paraformaldehyde), and
analyzed on a FACS ARIA III SORP flow cytometer (Becton
Dickinson). A minimum of 1,000,000 total events were acquired,
and data were analyzed using FlowJo software, version 10.5 (Tree
Star Inc., Ashland, Oregon, USA).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism,
version 7.05 (GraphPad Software, Inc., CA). Values are
presented as median and interquartile range. Percentage
frequency of the immune cell subsets like memory T cells,
follicular helper-like CD8+ T cells (CXCR5+ CD8+ T cells),
TSCM cells, B cells and NK cells were compared between the
HIV-2, HIV-1, HESN and HU groups using Kruskal-Wallis test,
followed by subgroup analysis using Dunn ’s multiple
comparison test. Correlation analysis was performed to
determine the relationship between the frequency of different
immune cell types and broadly neutralizing antibodies titer. For
all analyses, differences were considered significant if the p-value
was <0.05.
RESULTS

Expansion of Circulating T Follicular
Helper Cells, Stem-Like Memory CD4+ T
Cells, and CXCR5+CD8+ T Cells in HIV-2
Infected Individuals
Recent studies suggest that follicular CXCR5+ CD8+ T cells and
CD8+ stem-like memory cells are involved in the control of HIV/
SIV infection (29, 30). We therefore, evaluated the frequencies of
these T cell subsets in HIV-2 infected individuals and compared it
with that seen in HIV-exposed seronegative (HESN) individuals,
HIV-1 infected persons on antiretroviral treatment (HIV-1+ART+)
as well as those not on treatment (HIV-1+ART-), and HIV-
unexposed healthy individuals (HU). Polychromatic flow
cytometry was used to enumerate the different T cell subsets,
including circulating Tfh cells, CXCR5 expressing CD8+ T cells,
stem-like memory T cells, and regulatory T cells. Tfh and CXCR5
expressing CD8+ T cells were defined using CXCR5 and PD-1, T
stem-like memory cells were identified using CD28 and CD95
expression on naïve T cells, and T regs were identified based on the
expression of CD25 on CD127- CD4+ T cells (Figure 1A).
TABLE 1 | Demographic characteristics of Study Populations Groups.

HIV-2 HU HIV+ART+ HIV+ART- HE SN
N=37 N=35 N=10 N=10 N=35

Age mean (range) 43 (18-57) 33(22-42) 34(32-39) 35(30-48) 36(27-42)
STDs (BV, CT, NG) 0 0 0 0 0
ART details 37(100%) 0 10(100%) NA NA
Viral Load, Log10 copies/mL, mean (SD) NA NA 2.14 4.4943(0.9036) NA
CD4 Count at treatment initiation (cells/mL), median (IQR) 617(33-3097) NA 392(289-492) NA NA
April 2
021 | Volume 12 | Artic
BV, Bacterial Vaginitis; CT, Chlamydia trachomatis; NG, Neisseria gonorrhoeae; HESN, HIV exposed seronegative; HIV+ART+, HIV-infected women on ART; HIV+ART-, HIV-infected
women naïve to ART; HU, HIV unexposed seronegative controls.
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We found significantly elevated numbers of CD4+ Tfh cells in
HIV-2 infected individuals (median: 1.21%; range: 0.70-1.56%)
as compared to HIV-1 infected persons (median: 0.58%; range:
0.04-1.04%; p<0.05) as well as unexposed healthy individuals
(median: 0.37%; range: 0.23-0.44%; p<0.001) (Figure 1B).
Incidentally, we also found higher numbers of CD4+ Tfh cells
in the ESN group (median: 0.86%; range: 0.61-1.27%) as
compared to the HIV-infected (median: 0.58%; range: 0.04-
1.04%; p=0.02) and HIV-unexposed healthy control groups
(median: 0.37%; range: 0.23-0.44%; p<0.001). Further, we
found significantly higher frequencies of CXCR5+CD8+ T cells
in HIV-2 infected individuals (median: 0.90%; range: 0.61-
1.10%) as compared to HIV-1 infected individuals on ART
(median: 0.32%; range: 0.01-1.01%; p<0.05) as well as HIV-
unexposed healthy controls (median: 0.01; range: 0.01-0.04%)
(p<0.001) (Figure 1C). Collectively, our findings reveal
significant expansion of critical T cell subsets that help boost
the host immune response leading to better control of the
virus and slower course of disease progression in HIV-2
infected individuals.
Frontiers in Immunology | www.frontiersin.org 4
Earlier studies have reported that the self-renewing and
multipotent Tscm cells mature into memory cells or reservoirs
of effector T lymphocytes, which continue to persist in the host
even in the absence of antigen (31). Hence, expansion of Tscm
cells appears to be a very critical component in the control of
HIV infection. Very interestingly, we found significantly
increased numbers of Tscm cells in both the CD4+ and CD8+

T cell compartments in HIV-2 infected individuals as compared
to HIV-1-infected persons (Figures 1D, E). The median
frequency of circulating CD4+ Tscm cells in the HIV-2 group
was 1.80% (range: 1.10-2.10%), HIV-1 infected group on ART
was 0.8% (range: 0.31-1.80%), HIV infected group naïve to
ART was 1.20% (range: 0.70-2.10%), and unexposed healthy
groups was 0.63% (range: 0.01-1.45%) respectively. The median
frequency of circulating CD8+ Tscm cells in the HIV-2 group
was 1.70% (range: 1.21-2.21%), HIV-1 infected group on ART
was 0.877% (range: 0.26-1.23%), HIV infected group naïve to
ART was 0.82% (range: 0.21-1.81%), and unexposed healthy
groups was 0.56% (range: 0.23-1.17%). Another striking
observation was the presence of a significantly higher
A B

D E F G

H

C

FIGURE 1 | Distribution of Tfh cells and stem-like memory T cells in the study population. (A) Representative flow plots for enumeration of Tfh cells, CXCR5+ T cells,
Tscm cells and regulatory T cells. (B) Frequency of CXCR5+ CD4+ Tfh cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (C) Frequency of
CXCR5+ CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (D) Frequency of CCR7-CD28+CD95+ stem-like memory CD4+ T cells in the
HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (E) Cumulative frequency of CCR7-CD28+CD95+ stem-like memory CD8+ T cells in the HU, HIV-1+ART+,
HIV-1+ART-, HESN and HIV-2 groups. (F) Frequency of CD127- CD25+ regulatory T cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. Scatter
dot plots summarize the % frequency of total CXCR5+ T cells, Tscm cells and Treg cells (median, 1st and 3rd quartiles). P values were calculated using the K-Wallis
test. Sub-group analysis was performed using Dunn’s test. (G) Correlation between frequency of CCR7-CD45RO- Terminal Effector Memory CD4+T cells and
frequency of CD25+127- CD4+ T Regulatory cells in HIV-2 infected individuals. (H) Correlation between frequency of CCR7-CD45RO- Terminal Effector Memory
CD8+ T cells and frequency of CD25+127- CD4+ T regulatory cells in HIV-2 infected individuals. (Note: HU: HIV unexposed seronegative controls, n = 35; HIV-1+ART+:
HIV-1-infected women on ART, n = 10; HIV-1+ART-: HIV-infected women naïve to ART, n = 10; HESN: HIV exposed seronegative individuals, n = 35; HIV-2: HIV-2 infected
persons, n = 37).
April 2021 | Volume 12 | Article 666388

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ponnan et al. Immunological Profile in HIV-2 Infection
frequency of CD8+ Tscm cells in the HESN population (median
1.26%; range: 0.71-1.93%) as compared to the HIV-1 infected
and HU groups.

In contrast, we observed a decreased frequency of Treg cells in
the HIV-2 and HESN groups as compared to the other groups.
The ART-naive HIV-infected group had a significantly higher
proportion of CD4+ Treg cells as compared to the other study
groups (p<0.01) (Figure 1F). We further analyzed the correlation
between the Tregs and memory T cell subsets and found an
inverse correlation between Tregs and effector memory T cells in
both CD4+ (r-0.4, p=0.04) and CD8+ (r-0.4, p=0.05) T cell
compartments in HIV-2 infected individuals (Figures 1G, H).
These findings clearly indicate that increased frequency of Tregs
help maintain immune homeostasis by controlling the exaggerated
immune response and promoting the development of long-lived
memory cells during HIV-2 infection.

Increased Frequency of Memory B Cells
and Plasmablast B Cells in HIV-2 Infection
We analyzed the frequency of different memory B cell subsets in
the study groups. Surface markers CD27 and CD38 were used to
identify plasmablast B cells (CD19+CD38+CD27+). Memory B
cell subsets were distinguished based on IgD and CD27
expression as unswitched memory B cells (IgD+CD27+), class
switched memory B cells (IgD- CD27+), atypical memory B cells
(IgD-CD27-), and naive B cells (IgD+CD27-) as described by
Kaminski et al. (32) (Figure 2A). We found a higher frequency of
Frontiers in Immunology | www.frontiersin.org 5
short-lived antibody-secreting plasmablast cells in the HIV-2
positive (median:1.91%; range 1.50 - 2.40%) as well as HESN
(median:1.44%; range: 1.05 - 2.14%) groups as compared to
treated HIV-1 infected and healthy uninfected groups (median:
1.01%; range: 0.64 -1.69%; p<0.001). Numbers of plasmablast
cells were also significantly higher in ART-naïve HIV-1-infected
individuals as compared to treated individuals (median:1.95%;
range: 1.30- 3.61% p<0.05) (Figure 2B). These observations
suggest that HIV infection, in general, is associated with an
increase in the numbers of antibody-secreting plasmablast cells
that further differentiate into long-lived plasma cells and
contribute to better control of infection, but their role in
slowing down disease progression remains to be clarified.

The HIV-2 and HESN groups were found to possess
significantly higher frequencies of class-switched memory B
cells and IgM memory B cells (unswitched) as compared to the
HIV-1 and HU groups (p<0.001). The median frequency of
class-switched memory B cells was 18.2% (range: 12.5 - 23.2%)
and unswitched memory B cells was 27.6% (range: 22.8 - 35.4%)
in the HIV-2 group (Figures 2C, D). We observed a significantly
higher proportion of atypical memory B cells in both HIV-1+ART+
and HIV-2 groups as compared to the other groups (Figure 2E).

We found a direct correlation between the frequency of
atypical memory B cells and the titer of neutralizing antibodies
in HIV-2 infected persons (r=0.61, p=0.002) (Figure 2F)
(neutralizing antibody titres of HIV-2 infected persons is
provided in Supplementary Table 1). Levels of atypical
A B D E

F G H

C

FIGURE 2 | Distribution of Memory B cells and Plasmablast B cells in the study groups. (A) Representative flow plots for enumeration of memory B cells and
Plasmablast B cells (CD27+CD38+ expression on B cells) among the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (B) Frequency of CD27+CD38+
Plasmablast B cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (C) Frequency of CD27+IgD- Class Switched Memory B cells in the HU, HIV-1+
ART+, HIV-1+ART-, HESN and HIV-2 groups. (D) Frequency of CD27-IgD- unswitched Memory B cells in HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups.
(E) Frequency of CD27+IgD+ Atypical Memory B cells in HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. The scatter dot plots summarize the % frequency
of total memory B cells and Plasmablast cells (median, 1st and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed
using Dunn’s test. (F) Correlation between frequency of CD27-IgD- Atypical Memory B cells and X7312A neutralizing antibody titers in HIV-2 infected individuals.
(G) Correlation between frequency of CD27-IgD- Atypical memory B cells and frequency of CD27+IgD- Class Switched Memory B cells in HIV-2 infected individuals.
(H) Correlation between frequency of CCR7+ CD45RO+ Central Memory CD4+ T cells and frequency of CD27-IgD- Atypical Memory B cells in HIV-2 infected
individuals. (HU, HIV unexposed seronegative controls, HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to ART; HESN:
HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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memory B cells also correlated positively with the frequency of
class-switched memory B cells and central memory CD4+ T cells
(r=0.48, p<0.019 and r=0.77, p<0.001 respectively) (Figures
2G, H). These observations provide further evidence to suggest
that early HIV-2 infection is associated with increased CD4+ T
cell help for B cell differentiation resulting in the development of
increased numbers of memory B cell subsets as well as antibody-
secreting plasma B cells, thus constituting a robust immune
response to fight the infection.
Increased Frequency of Effector Memory
CD4+ and CD8+ T Cells in HIV-2
Infected Individuals
We examined the distribution of memory CD4+ and CD8+ T cells
in HIV-2 infected individuals, given the potential role of these cell
types in slowing down disease progression. Effector memory
cells are characterized by the expression of C-C chemokine
receptor type-7 and CD45RO on their cell surface. Based on
their function, 4 distinct populations of effector cells have been
described by Gattinoni et al. (31). These include the central memory
(CM) T cells defined as CD3+CD4+/CD8+CD45RO+CCR7+
cells, effector memory (EM) T cells defined as CD3+CD4+/CD8+
CD45RO+CCR7- cells, terminal effector (TE) T cells defined as
Frontiers in Immunology | www.frontiersin.org 6
CD3+CD4+/CD8+CD45RO-CCR7- cells and naïve T cells (TN)
defined as CD3+CD4+/CD8+CD45RO-CCR7+ cells.

The proportion of CD4+ and CD8+ naïve T cells was
significantly lower in the HIV-2, HESN, HIV-1+ART+ and
HIV-1+ART- groups as compared to the HU group (Figure
3A). On the other hand, the frequency of CD4+ effector memory
T cells and terminal effector T cells was significantly higher in the
HIV-2 and HESN groups (Figures 3B, C). While the median
frequency of CD4+ terminal effector T cells was 18.6 % (range:
12.7- 36.5%) in the HIV-2 group and 14.31% (range: 11.40 -
20.21%) in the HESN group, the median frequency of CD4+

effector memory T cells was 43.6% (range: 31.5 - 52.3%) in the
HIV-2 group and 44.1% (range: 39.5 - 55.1%) in the HESN
group. Earlier studies have also reported a progressive expansion
of terminal effector T cells during viral infections, including
HIV-1 infection (33–35). We also found that the proportion of
cytotoxic function exhibiting terminal effector T cells
was very high in HIV-2 infected individuals as compared to
HIV-1 infected persons and healthy controls. On the other
hand, the proportion of CD4+ central memory T cells was
higher in the HIV-1 group as compared to the HIV-2 group
(Figure 3D).

We examined the correlation between the frequency of
memory T cell subsets and neutralizing antibody titers in
A B D
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FIGURE 3 | Distribution of CD4+ Memory T cell subsets in the study groups. Graphical representation showing the enumeration of CD4+ Memory T cells subsets
defined using CCR7 and CD45RO expression. (A) Frequency of CCR7+CD45RO- naïve CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN
groups. (B) Frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (C) Frequency of CCR7-
CD45RO- Terminal Effector Memory CD4+ T cells HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (D) Frequency of CCR7+CD45RO+ Central Memory
CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. The scatter dot plots summarize the % frequency of total memory T cells (median, 1st,
and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed using Dunn’s test. (E) Correlation between frequency of
CCR7+ CD45RO+ Central memory CD4+ T cells and X7312A neutralizing antibody titers in HIV-2 infected individuals. (F) Correlation between frequency of CCR7-
CD45RO+ Effector Memory CD4+ T cells and X7312A neutralizing antibody titers in HIV-2 infected individuals. (G) Correlation between frequency of CCR7+ CD45RO+
Central Memory CD4+ T cells and frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells in HIV-2 infected individuals. (Note: HU: HIV unexposed seronegative controls,
HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to ART; HESN: HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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HIV-2 infected individuals. Interestingly, we found a positive
correlation between the frequency of CD4+ central memory cells
as well as effector memory T cells with X731A neutralizing
antibodies titer (r=0.54, p=0.007, and r=0.42, p=0.046
respectively) in HIV-2 infected individuals (Figures 3E, F). In
addition, we noticed a correlation between CD4+ central
memory T cells and CD4+ effector memory T cells (r-0.61,
p=0.002) (Figure 3G) in the study population.

We also examined the distribution of CD8+ memory T cells in
HIV-2 infected individuals. As seen with CD4+ T cells, naïve
CD8+ T cells were present at significantly lower levels in the
HIV-1 and HIV-2 infected groups as compared to the healthy
controls (Figure 4A). On the other hand, CD8+ terminal effector
memory T cells were significantly higher in the HIV-2 and HESN
groups as compared to the other groups (p<0.05). The median
frequency of CD8+ terminal effector T cells was 40.3% (range:
30.4 - 49.4%) in the HIV-2 group and 48.30% (range: 44.31-
55.30%) in the HESN group (Figure 4C). In contrast, HIV-1-
infected persons had a significantly higher proportion of CD8+

effector and central memory T cells (p<0.001) (Figure 4B). The
median frequency of CD8+ effector memory T cells was 44.6%
(range: 40.6 - 49.9%) in the HIV-1+ART- group and 38.6%
(range: 29.5 - 43.3%) in the HIV-1+ART+ group. The median
frequency of CD8+ central memory T cells was 24.4% (range:
Frontiers in Immunology | www.frontiersin.org 7
20.7 - 34.8%) in the HIV-1+ART- group and 32.2% (range: 22.4 -
36.1%) in the HIV-1+ART+ group (Figure 4D).

In HIV-2 infected individuals, correlation analysis revealed a
significant correlation between the frequency of CD4+ effector
memory T cells and CD8+ central memory T cells (r=0.49,
p=0.016) (Figure 4E). Similarly, CD4+ effector memory T cells
correlated significantly with levels of CD8+ effector memory T
cells and CD8+ central memory T cells (r=0.46, p=0.016 and
r=0.48, p=0.020) (Figure 4F). Levels of CD8+ central memory T
cells correlated positively with CD8+ effector memory T cells
(r-0.69, p<0.001) (Figure 4G).
Increased Frequency of NKG2D
Expressing CD56 Negative CD16+ NK
Cells in HIV-2 Infected Persons
NK cell-mediated ADCC is thought to be an essential
mechanism involved in controlling HIV infection. Several
studies have described NK cell activation and cytolytic
function in HIV-1 infected individuals as well as in long-term
non-progressors (LTNP) and elite controllers (EC) (36–39).
However, the distribution of NK cells and their profile in HIV-
2 disease remains mostly undefined. To address this knowledge
gap, we characterized the population of NK cell subsets
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FIGURE 4 | Distribution of CD8+memory T cells responses in the study groups. Graphical representation of the enumeration of CD8+memory T cells subsets
defined using CCR7 and CD45RO expression. (A) Frequency of CCR7+CD45RO- naïve CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN
groups. (B) Frequency of CCR7-CD45RO+ Effector Memory CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (C) Frequency of CCR7-
CD45RO- Terminal Effector Memory CD8+ T cells HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (D) Frequency of CCR7+CD45RO+ Central Memory
CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. The scatter dot plots summarize the % frequency of total memory T cells (median, 1st,
and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed using Dunn’s test. (E) Correlation between frequency of
CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7+CD45RO+ Central Memory CD8+ T cells in HIV-2 infected individuals. (F) Correlation
between frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7-CD45RO+ Effector Memory CD8+ T cells in HIV-2 infected individuals.
(G) Correlation between frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7+CD45RO+ Central Memory CD8+ T cells in HIV-2
infected individuals. (Note: HU: HIV unexposed seronegative controls, HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to
ART; HESN: HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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expressing the activation receptor NKG2D and the exhaustion
marker CD95 receptor in the study population (Figure 5A).

We observed significantly higher frequencies of CD56negative

CD16+ NK cells in HIV-2 infected individuals as compared to
HIV-1-infected persons and unexposed healthy individuals
(p=0.036) (Figure 5B). The median frequency of CD56negative

CD16+ NK cells in the HIV-2 group was 25% (range:14.1 -
38.5%) and 12.9% (range: 10.4 - 17.1%) in the HIV-1 group. On
the other hand, there was no difference in the proportion of
CD56dim CD16+ NK cells as well as CD56bright CD16+ NK cells
between the groups (Figures 5C, D). However, earlier studies
have documented a significant reduction in the proportion of
mature CD56dim NK cells as well as immature CD56bright NK
cells in HIV-1 infection (40), with a concomitant increase in the
numbers of CD56negative NK cells (41). Our study demonstrates a
greater increase in the proportion of CD56negative NK cells than
CD56bright and CD56dim NK cells in HIV-2 infected individuals.

We also found significantly higher numbers of CD56negative

NK cells expressing the NKG2D activating receptor in HIV-2
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infected individuals than in HIV-1 and HU individuals (p<0.001
and p<0.05, respectively) (Figure 5E). On the other hand, HIV-1
infected individuals had significantly higher numbers of NKG2D
expressing CD56bright and CD56dim NK cells (Figures 5F, G).
Similarly, CD95 expressing CD56bright and CD56dim NK
cells were also significantly more in HIV-2 infected persons as
compared to HIV-1-infected individuals and healthy unexposed
controls. However, there was no difference between the groups
with respect to CD95 expression on CD56negative NK cells
(Figures 5H-J).

We also examined the correlation between levels of
CD56negative NK cells and neutralizing antibodies titer as well
as other memory T cells and B cell subsets in HIV-2 infected
individuals. Interestingly, we found that levels of CD56negative NK
cells correlated significantly with levels of CD27+ IgD- class-
switched memory B cells as well as CD27- IgD- atypical memory
B cells (r-0.70, p=0.0001 and r-0.47, p=0.022) (Figures 5K, L).
Overall, our results indicate that the unconventional cytotoxic
CD56negative NK cells in HIV-2 infected individuals possess
A B D

E F G

IH J

K

L

C

FIGURE 5 | Distribution of NK cell subsets in the study population. (A) Representative flow plots showing the enumeration of NK cell subsets based on CD16 and
CD56 expression in the study population (HU N=35, HIV-1+ART+ N=10, and HIV-2 N=37). (B) Frequency of CD56 negative CD16+ NK cells in the HU, HIV-1+ART+
and HIV-2 groups. (C) Frequency of CD56 bright CD16+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (D) Frequency of CD56 dim CD16+ NK cells in the HU,
HIV-1+ART+ and HIV-2 groups. (E) Frequency of CD56 negative CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (F) Frequency of CD56 bright
CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (G) Frequency of CD56 dim CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2
groups. (H) Frequency of CD56 negative CD16+CD95+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (I) Frequency of CD56 bright CD16+CD95+ NK cells
in the HU, HIV-1+ART+ and HIV-2 groups. (J) Frequency of CD56 dim CD16+95+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. The scatter dot plots
summarize the % frequency of NK cell subsets with differential expression of CD56 and CD16 (median, 1st and 3rd quartiles). P values were calculated using the K-
Wallis test. Sub-group analysis was performed using Dunn’s test. (K) Correlation between the frequency of CD56 negative CD16+ NK cells and frequency of CD27+
IgD- Class Switched Memory B cells in HIV-2 infected individuals. (L) Correlation between the frequency of CD56 negative CD16+ NK cells and frequency of CD27-
IgD- Atypical Memory B cells in HIV-2 infected individuals. (Note: HU: HIV-unexposed seronegative controls; HIV-1+ART+: HIV-1-infected women on ART; HIV-2:
HIV-2 infected individuals.
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increased activation and reduced exhaustion properties and
suggest a possible role for these cells in the slower course of
disease progression that is characteristic of HIV-2 infection.
DISCUSSION

CD4+ T cells are the central mediators of the adaptive immune
response. CD4+ T cell depletion is the hallmark of the
pathogenesis of HIV-1 and HIV-2 infection (42). However, the
host immune system continuously exchanges dying CD4+ T cells
with naïve CD4+ T cells during the early stages of HIV infection
(43). Compared to HIV-1, HIV-2 is less pathogenic and is
associated with a long asymptomatic phase after infection,
reduced viral load and slower decline of CD4+ T cells (44, 45).
It may be assumed that elevated effector and memory cell
differentiation could contribute to better control of viremia and
slower disease progression in controllers of HIV infection (46).
Earlier studies have reported a higher proportion of HIV-1
specific TSCM cells and effector memory cells in elite
controllers, suggesting a role for these cells in the resistance to
HIV infection/disease progression (47, 48). Vigano et al.
observed an inverse correlation between the frequency of total
tSCM cells and levels of plasma viremia in untreated HIV-1
infected individuals (49). A more recent study showed that,
relative to effector CD4+ T cells, Tfh cells serve as the major
viral reservoirs in HIV-2 infected persons (12). This makes it
important to understand the role of different subsets of CD4+ T
cells in HIV-2 infection in order to identify the correlates of
delayed disease progression and slower course of disease
associated with HIV-2 infection.

In the current study, we analyzed the role of key CD4+ T cell
subsets in the control of HIV infection and disease progression in
HIV-2 infected individuals by analyzing the expression of
phenotypic and functional makers pertaining to memory
differentiation, stem cell-likeness and follicular homing. We
also investigated the correlation between neutralizing antibody
titer and CD8+ memory T cell subsets in HIV-2 infected persons.
We found significant expansion and enrichment of effector
memory and terminal effector cells in the HIV-2 group. These
findings are in line with those found in literature, where an
increase in effector and terminal effector cell frequency has been
reported in multiple viral infections, including HIV-1 infection
(34, 50). Very interestingly, we found a significant association
between central and effector memory CD4+ T cells and
neutralizing antibody titer (neutralizing antibody data has been
reported in an earlier publication from our group) (9). Just as in
the case of CD4+ T cells, the frequency of effector memory and
Terminal effector CD8+ T cells were also substantially higher in
the HIV-2 infected group. These findings suggest that HIV-2
infection elicits a robust immune response capable of activating
CD4+ T cells to provide continuous help to CD8+ T cells as well
as B cells, leading to better control of viral replication and slower
progression of disease.

Tscm cells are a small subset of T cells possessing self-renewal
capabilities, that when stimulated via the T cell receptor, may
Frontiers in Immunology | www.frontiersin.org 9
divide into mature memory or effector T cells (49, 51). Many
studies have consistently reported a close and robust association
between the proliferation of effector cells and memory T cells and
virus control in HIV infection (1, 2, 52). However, there is a lack
of clarity in this line with regard to HIV-2 infection due to the
limited number of studies in HIV-2 individuals. Interestingly, in
the present study we found that HIV-2 infected persons had
significantly higher levels of stem cell-like memory cells in both
the CD4+ and CD8+ T cell compartments. Similarly, there was a
significantly enriched population of Tfh cells in HIV-2-infected
individuals as compared to HIV-1 infected persons. However, we
found no correlation between levels of Tfh cells and B cells/
neutralizing antibody titer. This could possibly due to the small
sample size in the study. HIV-2 infected individuals also
had significantly elevated numbers of circulating follicular
homing CXCR5+CD8+ T cells as compared to HIV-1
infected individuals.

HIV-1 natural controllers are known to possess high levels of
CXCR5+ CD8+ Tscm cells, which correlate inversely with the
viral load (14). We found higher frequencies of Tscm and
CXCR5+ CD8+ T cells with effector memory phenotype in
HIV-2 individuals as compared to HIV-1 infected persons. All
this evidence suggests a plausible role for HIV-2-specific Tscm
cells and Tfh cells in slowing down disease progression in HIV-2
infected persons. To the best of our knowledge, the present study
constitutes the first research to record elevated frequencies of Tfh
cells, Tscm cells, and follicular homing CXCR5+ CD8+ T cells in
an HIV-2 cohort from India. However, the mechanisms by
which these cells reduce the viral load in HIV-2 individuals
requires further investigation.

In healthy individuals, most B cells in peripheral blood are
either resting naive B cells or classical type memory B cells that
express either switched or unswitched antibody isotypes (IgG,
IgE, and IgA, or IgM and IgD respectively) (32). In chronic HIV
infection, absolute numbers of both classical and memory B cells
are decreased in the peripheral circulation (53). Moir et al.
reported that ART-naïve HIV-1 individuals with chronic
infection had a highly expanded population of immature/
transitional B cells, whereas in early infection, plasmablasts
and atypical memory B cells were more prevalent (19). A
previous study showed that plasmablasts and class-switched
memory B cells were induced upon vaccination in a phase-1
MVA and ADVAX prime-boost vaccine trial carried out in India
(54). As with other studies, we too documented an expansion of
peripheral plasmablasts as well as atypical exhausted memory B
cells in both HIV-1 and 2 infected groups (19, 55, 56). Evidence
suggests that atypical memory B cells can efficiently present
antigens to T cells (57). This is evident from the positive
correlation found between atypical memory B cells and
memory CD4+ T cells in our study. The expanded
plasmablasts, atypical and memory cells are likely to be
responsible for the increase in B cell turn over and slower
disease progression associated with HIV-2 infection.

NK cells also influence the transition between innate and
adaptive immune responses via the production of cytokines and
chemokines (58). NK cell specificity for target cells and the
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ensuing effector functions are dependent on signalling
from receptors that are expressed on the surface of NK cells
(38, 59). Earlier studies have documented a dramatic increase in
CD56neg NK cells (60, 61) with low cytolytic, proliferative, and
cytokine-producing capabilities in HIV-1 infection (28, 62, 63),
that lyse HLA-I-deficient target cells and participate in antibody-
dependent cytotoxicity (ADCC) (64, 65). Similarly, a
subpopulation of CD56dim NK cells called terminally matured
NK cells express CD57, a marker that identifies antigen-
experienced NK cells, was found to be elevated in elite
controllers (66). In addition, NK cells expressing NKG2D, an
activation receptor used for contacting target cells and
subsequently resulting in the release of perforin and other
cytotoxic molecules, were reported to be higher in these
individuals (67). We found an increased frequency of CD56dim

NK cells as well as NKG2D expressing CD56neg NK cells in HIV-
2 infected individuals as compared to those with HIV-
1 infection.

To summarize, HIV infection and the onset of AIDS is
characterized by extensive interaction between the host
immune system and the virus. The interaction results in
profound quantitative and qualitative changes in both adaptive
and innate immune cells, including T and B lymphocytes and
natural killer cells in infected individuals. Both host genetic and
viral factors are thought to contribute to non-progression of HIV
disease (68), but the features of antiviral immunity that result in
an effective immune response are only partially understood. The
findings of the present study reveal that HIV-2 infection elicits a
superior T cell response with high levels of critical T cell subsets
including Tfh cells and stem cell-like CD4+ T cells that support
the development of follicular homing T cells and other immune
cell subsets and contribute to the control of infection. The study
also documents robust memory B cell and NK cell responses that
contribute to better control of HIV-2 infection and disease. We
believe that vaccination strategies designed to elicit durable
cellular immunity should target the generation of these
immune cell types in order to provide adequate control of HIV
infection. Further studies should be undertaken to fully
understand the contribution and mechanistic role of these
consequential cell types in HIV control.
Frontiers in Immunology | www.frontiersin.org 10
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The study protocol was also reviewed and approved by the
Institutional Ethics Committee of ICMR-NIRT (TRC IEC No:
2009009) and the Institutional Review Board of the Y. R.
Gaitonde Centre for AIDS Research and Education (YRG IRB
No: 279), Chennai, India. The patients/participants provided
their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

SMP, VV and LH designed the conceptual framework of the
study. SP, VV and NH performed the experiments. SMP
analyzed the data. KT contributed to statistical analyses. KM
contributed to specimen collection. MM and LH contributed to
the review and editing of the manuscript. SP and VV wrote the
manuscript. All authors contributed to the article and approved
the submitted version.
FUNDING

The present study was supported by the Department of Health
Research (Human Resource Development Young Scientist
Fellowship) and The Indian Council of Medical Research,
Govt. of India.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.666388/
full#supplementary-material
REFERENCES

1. Esbjornsson J, Jansson M, Jespersen S, Mansson F, Honge BL, Lindman J,
et al. HIV-2 as a model to identify a functional HIV cure. AIDS Res Ther
(2019) 16(1):24. doi: 10.1186/s12981-019-0239-x

2. Salwe S, Padwal V, Nagar V, Patil P, Patel V. T cell functionality in HIV-1, HIV-2
and dually infected individuals: correlates of disease progression and immune
restoration. Clin Exp Immunol (2019) 198(2):233–50. doi: 10.1111/cei.13342

3. Honge BL, Petersen MS, Jespersen S, Medina C, Te DDS, Kjerulff B, et al. T-
cell and B-cell perturbations are similar in ART-naive HIV-1 and HIV-1/2
dually infected patients. AIDS (London England) (2019) 33(7):1143–53. doi:
10.1097/QAD.0000000000002185

4. Honge BL, Petersen MS, Jespersen S, Medina C, Te DDS, Kjerulff B, et al. T-
cell and B-cell perturbations identify distinct differences in HIV-2 compared
with HIV-1-induced immunodeficiency. AIDS (London England) (2019) 33
(7):1131–41. doi: 10.1097/QAD.0000000000002184

5. Kumar P. Long term non-progressor (LTNP) HIV infection. Indian J Med Res
(2013) 138(3):291–3.
6. de Silva TI, Peng Y, Leligdowicz A, Zaidi I, Li L, Griffin H, et al. Correlates of
T-cell-mediated viral control and phenotype of CD8(+) T cells in HIV-2, a
naturally contained human retroviral infection. Blood (2013) 121(21):4330–9.
doi: 10.1182/blood-2012-12-472787

7. Duvall MG, Precopio ML, Ambrozak DA, Jaye A, McMichael AJ, Whittle HC,
et al. Polyfunctional T cell responses are a hallmark of HIV-2 infection. Eur J
Immunol (2008) 38(2):350–63. doi: 10.1002/eji.200737768

8. Diallo MS, Samri A, Charpentier C, Bertine M, Cheynier R, Thiebaut R, et al.
A Comparison of Cell Activation, Exhaustion, and Expression of HIV
Coreceptors and Restriction Factors in HIV-1- and HIV-2-Infected
Nonprogressors. AIDS Res Hum Retroviruses (2021) 37(3):214–23. doi:
10.1089/aid.2020.0084

9. Vidyavijayan KK, Cheedarala N, Babu H, Precilla LK, Sathyamurthi P,
Chandrasekaran P, et al. Cross Type Neutralizing Antibodies Detected in a
Unique HIV-2 Infected Individual From India. Front Immunol (2018) 9:2841.
doi: 10.3389/fimmu.2018.02841

10. Munusamy Ponnan S, Swaminathan S, Tiruvengadam K, KV K, Cheedarla N,
Nesakumar M, et al. Induction of circulating T follicular helper cells and
April 2021 | Volume 12 | Article 666388

https://www.frontiersin.org/articles/10.3389/fimmu.2021.666388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.666388/full#supplementary-material
https://doi.org/10.1186/s12981-019-0239-x
https://doi.org/10.1111/cei.13342
https://doi.org/10.1097/QAD.0000000000002185
https://doi.org/10.1097/QAD.0000000000002184
https://doi.org/10.1182/blood-2012-12-472787
https://doi.org/10.1002/eji.200737768
https://doi.org/10.1089/aid.2020.0084
https://doi.org/10.3389/fimmu.2018.02841
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ponnan et al. Immunological Profile in HIV-2 Infection
regulatory T cells correlating with HIV-1 gp120 variable loop antibodies by a
subtype C prophylactic vaccine tested in a Phase I trial in India. PloS One
(2018) 13(8):e0203037. doi: 10.1371/journal.pone.0203037

11. Lu J, Lv Y, Lv Z, Xu Y, Huang Y, Cui M, et al. Expansion of circulating T
follicular helper cells is associated with disease progression in HIV-infected
individuals. J Infect Public Health (2018) 11(5):685–90. doi: 10.1016/
j.jiph.2018.01.005

12. Godinho-Santos A, Foxall RB, Antao AV, Tavares B, Ferreira T, Serra-
Caetano A, et al. Follicular Helper T Cells Are Major Human
Immunodeficiency Virus-2 Reservoirs and Support Productive Infection.
J Infect Dis (2020) 221(1):122–6. doi: 10.1093/infdis/jiz431

13. Guan L, Li X, Wei J, Liang Z, Yang J, Weng X, et al. Antigen-specific CD8+
memory stem T cells generated from human peripheral blood effectively
eradicate allogeneic targets in mice. Stem Cell Res Ther (2018) 9(1):337. doi:
10.1186/s13287-018-1080-1

14. Rutishauser RL, Deguit CDT, Hiatt J, Blaeschke F, Roth TL, Wang L, et al.
TCF-1 regulates the stem-like memory potential of HIV-specific CD8+ T cells
in elite controllers. JCI Insight (2021) 6(3):e136648.8. doi: 10.1172/
jci.insight.136648

15. Munusamy Ponnan S, Hayes P, Fernandez N, Thiruvengadam K, Pattabiram
S, Nesakumar M, et al. Evaluation of antiviral T cell responses and TSCM cells
in volunteers enrolled in a phase I HIV-1 subtype C prophylactic vaccine trial
in India. PloS One (2020) 15(2):e0229461. doi: 10.1371/journal.pone.0229461

16. Chahroudi A, Silvestri G, Lichterfeld M. T memory stem cells and HIV: a
long-term relationship. Curr HIV/AIDS Rep (2015) 12(1):33–40. doi: 10.1007/
s11904-014-0246-4

17. Ribeiro SP, Milush JM, Cunha-Neto E, Kallas EG, Kalil J, Somsouk M, et al.
The CD8+ memory stem T cell (TSCM) subset is associated with improved
prognosis in chronic HIV-1 infection. J Virol (2014) 88(23):13836–44. doi:
10.1128/JVI.01948-14

18. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A human
memory T cell subset with stem cell–like properties. Nat Med (2011) 17
(10):1290. doi: 10.1038/nm.2446

19. Moir S, Buckner CM, Ho J, WangW, Chen J, Waldner AJ, et al. B cells in early
and chronic HIV infection: evidence for preservation of immune function
associated with early initiation of antiretroviral therapy. Blood (2010) 116
(25):5571–9. doi: 10.1182/blood-2010-05-285528

20. Moir S, Malaspina A, Ho J, Wang W, Dipoto AC, O’Shea MA, et al.
Normalization of B cell counts and subpopulations after antiretroviral
therapy in chronic HIV disease. J Infect Dis (2008) 197(4):572–9. doi:
10.1086/526789

21. Bjorling E, Scarlatti G, von Gegerfelt A, Albert J, Biberfeld G, Chiodi F, et al.
Autologous neutralizing antibodies prevail in HIV-2 but not in HIV-1
infection. Virology (1993) 193(1):528–30. doi: 10.1006/viro.1993.1160

22. Marcelino JM, Nilsson C, Barroso H, Gomes P, Borrego P, Maltez F, et al.
Envelope-specific antibody response in HIV-2 infection: C2V3C3-specific IgG
response is associated with disease progression. AIDS (London England)
(2008) 22(17):2257–65. doi: 10.1097/QAD.0b013e3283155546

23. Kong R, Li H, Bibollet-Ruche F, Decker JM, Zheng NN, Gottlieb GS, et al.
Broad and potent neutralizing antibody responses elicited in natural HIV-2
infection. J Virol (2012) 86(2):947–60. doi: 10.1128/JVI.06155-11

24. Duvall MG, Jaye A, Dong T, Brenchley JM, Alabi AS, Jeffries DJ, et al.
Maintenance of HIV-specific CD4+ T cell help distinguishes HIV-2 from
HIV-1 infection. J Immunol (2006) 176(11):6973–81. doi: 10.4049/
jimmunol.176.11.6973

25. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al.
Innate or adaptive immunity? The example of natural killer cells. Science
(2011) 331(6013):44–9. doi: 10.1126/science.1198687

26. Cerwenka A, Lanier LL. Natural killer cells, viruses and cancer. Nat Rev
Immunol (2001) 1(1):41–9. doi: 10.1038/35095564

27. Nuvor SV, van der Sande M, Rowland-Jones S, Whittle H, Jaye A. Natural
kil ler cell function is well preserved in asymptomatic human
immunodeficiency virus type 2 (HIV-2) infection but similar to that of
HIV-1 infection when CD4 T-cell counts fall. J Virol (2006) 80(5):2529–38.
doi: 10.1128/JVI.80.5.2529-2538.2006

28. Alter G, Teigen N, Davis BT, Addo MM, Suscovich TJ, Waring MT, et al.
Sequential deregulation of NK cell subset distribution and function starting in
Frontiers in Immunology | www.frontiersin.org 11
acute HIV-1 infection. Blood (2005) 106(10):3366–9. doi: 10.1182/blood-
2005-03-1100

29. Mylvaganam GH, Rios D, Abdelaal HM, Iyer S, Tharp G, Mavigner M, et al.
Dynamics of SIV-specific CXCR5+ CD8 T cells during chronic SIV infection.
Proc Natl Acad Sci (2017) 114(8):1976–81. doi: 10.1073/pnas.1621418114

30. Petrovas C, Ferrando-Martinez S, Gerner MY, Casazza JP, Pegu A, Deleage C,
et al. Follicular CD8 T cells accumulate in HIV infection and can kill infected
cells in vitro via bispecific antibodies. Sci Trans Med (2017) 9(373):eaag2285.
doi: 10.1126/scitranslmed.aag2285

31. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A human
memory T cell subset with stem cell–like properties. Nat Med (2011) 17:1290.
doi: 10.1038/nm.2446

32. Kaminski DA, Wei C, Qian Y, Rosenberg AF, Sanz I. Advances in human B
cell phenotypic profiling. Front Immunol (2012) 3:302. doi: 10.3389/
fimmu.2012.00302

33. Weiskopf D, Bangs DJ, Sidney J, Kolla RV, De Silva AD, deSilva AM, et al.
Dengue virus infection elicits highlypolarized CX3CR1+ cytotoxic CD4+ T
cells associated with protective immunity. Proc Natl Acad Sci USA (2015) 112
(31):E4256-63. doi: 10.1073/pnas.1505956112

34. Tian Y, Babor M, Lane J, Schulten V, Patil VS, Seumois G, et al. Unique phenotypes
and clonal expansions of human CD4 effector memory T cells re-expressing
CD45RA. Nat Commun (2017) 8(1):1–13. doi: 10.1038/s41467-017-01728-5

35. Condotta SA, Richer MJ. The immune battlefield: The impact ofinflammatory
cytokines on CD8+ T-cell immunity. PLoS Pathog (2017) 13(10):e1006618.
doi: 10.1371/journal.ppat.1006618

36. Marras F, Nicco E, Bozzano F, Di Biagio A, Dentone C, Pontali E, et al.
Natural killer cells in HIV controller patients express an activated effector
phenotype and do not up-regulate NKp44 on IL-2 stimulation. Proc Natl Acad
Sci U S A (2013) 110(29):11970–5. doi: 10.1073/pnas.1302090110

37. Luo Z, Li Z, Martin L, Hu Z, Wu H, Wan Z, et al. Increased Natural Killer Cell
Activation in HIV-Infected Immunologic Non-Responders Correlates with
CD4+ T Cell Recovery after Antiretroviral Therapy and Viral Suppression.
PloS One (2017) 12(1):e0167640. doi: 10.1371/journal.pone.0167640

38. Mikulak J, Oriolo F, Zaghi E, Di Vito C, Mavilio D. Natural killer cells in HIV-
1 infection and therapy. AIDS (London England) (2017) 31(17):2317–30. doi:
10.1097/QAD.0000000000001645

39. Kulkarni AG, Paranjape RS, Thakar MR. Higher Expression of Activating
Receptors on Cytotoxic NK Cells is Associated with Early Control on HIV-1C
Multiplication. Front Immunol (2014) 5:222. doi: 10.3389/fimmu.2014.00222

40. Milush JM, Lopez-Verges S, York VA, Deeks SG, Martin JN, Hecht FM, et al.
CD56negCD16(+) NK cells are activated mature NK cells with impaired
effector function during HIV-1 infection. Retrovirology (2013) 10(1):158. doi:
10.1186/1742-4690-10-158

41. Hu PF, Hultin LE, Hultin P, Hausner MA, Hirji K, Jewett A, et al. Natural
killer cell immunodeficiency in HIV disease is manifest by profoundly
decreased numbers of CD16+CD56+ cells and expansion of a population of
CD16dimCD56- cells with low lytic activity. J Acquired Immune Deficiency
Syndromes Hum Retrovirol Off Publ Int Retrovirol Assoc (1995) 10(3):331–40.
doi: 10.1097/00042560-199511000-00005

42. Cooper A, Garcia M, Petrovas C, Yamamoto T, Koup RA, Nabel GJ. HIV-1
causes CD4 cell death through DNA-dependent protein kinase during viral
integration. Nature (2013) 498(7454):376–9. doi: 10.1038/nature12274

43. Lee HG, Cho MZ, Choi JM. Bystander CD4(+) T cells: crossroads between
innate and adaptive immunity. Exp Mol Med (2020) 52(8):1255–63. doi:
10.1038/s12276-020-00486-7

44. Reeves JD, Doms RW. Human immunodeficiency virus type 2. J Gen Virol
(2002) 83(Pt 6):1253–65. doi: 10.1099/0022-1317-83-6-1253

45. Nyamweya S, Hegedus A, Jaye A, Rowland-Jones S, Flanagan KL, Macallan
DC. Comparing HIV-1 and HIV-2 infection: Lessons for viral
immunopathogenesis. Rev Med Virol (2013) 23(4):221–40. doi: 10.1002/
rmv.1739

46. de Silva TI, Cotten M, Rowland-Jones SL. HIV-2: the forgotten AIDS virus.
Trends Microbiol (2008) 16(12):588–95. doi: 10.1016/j.tim.2008.09.003

47. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone M. Virus-specific CD8+
cytotoxic T-lymphocyte activity associated with control of viremia in primary
human immunodeficiency virus type 1 infection. J Virol (1994) 68(9):6103–
10. doi: 10.1128/JVI.68.9.6103-6110.1994
April 2021 | Volume 12 | Article 666388

https://doi.org/10.1371/journal.pone.0203037
https://doi.org/10.1016/j.jiph.2018.01.005
https://doi.org/10.1016/j.jiph.2018.01.005
https://doi.org/10.1093/infdis/jiz431
https://doi.org/10.1186/s13287-018-1080-1
https://doi.org/10.1172/jci.insight.136648
https://doi.org/10.1172/jci.insight.136648
https://doi.org/10.1371/journal.pone.0229461
https://doi.org/10.1007/s11904-014-0246-4
https://doi.org/10.1007/s11904-014-0246-4
https://doi.org/10.1128/JVI.01948-14
https://doi.org/10.1038/nm.2446
https://doi.org/10.1182/blood-2010-05-285528
https://doi.org/10.1086/526789
https://doi.org/10.1006/viro.1993.1160
https://doi.org/10.1097/QAD.0b013e3283155546
https://doi.org/10.1128/JVI.06155-11
https://doi.org/10.4049/jimmunol.176.11.6973
https://doi.org/10.4049/jimmunol.176.11.6973
https://doi.org/10.1126/science.1198687
https://doi.org/10.1038/35095564
https://doi.org/10.1128/JVI.80.5.2529-2538.2006
https://doi.org/10.1182/blood-2005-03-1100
https://doi.org/10.1182/blood-2005-03-1100
https://doi.org/10.1073/pnas.1621418114
https://doi.org/10.1126/scitranslmed.aag2285
https://doi.org/10.1038/nm.2446
https://doi.org/10.3389/fimmu.2012.00302
https://doi.org/10.3389/fimmu.2012.00302
https://doi.org/10.1073/pnas.1505956112
https://doi.org/10.1038/s41467-017-01728-5
https://doi.org/10.1371/journal.ppat.1006618
https://doi.org/10.1073/pnas.1302090110
https://doi.org/10.1371/journal.pone.0167640
https://doi.org/10.1097/QAD.0000000000001645
https://doi.org/10.3389/fimmu.2014.00222
https://doi.org/10.1186/1742-4690-10-158
https://doi.org/10.1097/00042560-199511000-00005
https://doi.org/10.1038/nature12274
https://doi.org/10.1038/s12276-020-00486-7
https://doi.org/10.1099/0022-1317-83-6-1253
https://doi.org/10.1002/rmv.1739
https://doi.org/10.1002/rmv.1739
https://doi.org/10.1016/j.tim.2008.09.003
https://doi.org/10.1128/JVI.68.9.6103-6110.1994
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ponnan et al. Immunological Profile in HIV-2 Infection
48. Wodarz D. Helper-dependent vs. helper-independent CTL responses in HIV
infection: implications for drug therapy and resistance. J Theor Biol (2001) 213
(3):447–59. doi: 10.1006/jtbi.2001.2426

49. Vigano S, Negron J, Ouyang Z, Rosenberg ES, Walker BD, Lichterfeld M, et al.
Prolonged antiretroviral therapy preserves HIV-1-specific CD8 T cells with
stem cell-like properties. J Virol (2015) 89(15):7829–40. doi: 10.1128/
JVI.00789-15

50. Porichis F, Kaufmann DE. HIV-specific CD4 T cells and immune control of
viral replication. Curr Opin HIV AIDS (2011) 6(3):174–80. doi: 10.1097/
COH.0b013e3283454058

51. Hou S, Hyland L, Ryan KW, Portner A, Doherty PC. Virus-specific CD8+ T-
cell memory determined by clonal burst size. Nature (1994) 369(6482):652–4.
doi: 10.1038/369652a0

52. Salwe S, Singh A, Padwal V, Velhal S, Nagar V, Patil P, et al. Immune
signatures for HIV-1 and HIV-2 induced CD4(+)T cell dysregulation in an
Indian cohort. BMC Infect Dis (2019) 19(1):135. doi: 10.1186/s12879-019-
3743-7

53. Hart M, Steel A, Clark SA, Moyle G, Nelson M, Henderson DC, et al. Loss of
discrete memory B cell subsets is associated with impaired immunization
responses in HIV-1 infection and may be a risk factor for invasive
pneumococcal disease. J Immunol (2007) 178(12):8212–20. doi: 10.4049/
jimmunol.178.12.8212

54. Ponnan SM, Swaminathan S, Tiruvengadam K, Vidyavijayan KK, Cheedarla
N, Nesakumar M, et al. Induction of circulating T follicular helper cells and
regulatory T cells correlating with HIV-1 gp120 variable loop antibodies by a
subtype C prophylactic vaccine tested in a Phase I trial in India. PloS One
(2018) 13(8):e0203037. doi: 10.1371/journal.pone.0203037

55. Levesque MC, Moody MA, Hwang KK, Marshall DJ, Whitesides JF, Amos JD,
et al. Polyclonal B cell differentiation and loss of gastrointestinal tract germinal
centers in the earliest stages of HIV-1 infection. PloS Med (2009) 6(7):
e1000107. doi: 10.1371/journal.pmed.1000107

56. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad EK,
et al. Follicular helper T cells serve as the major CD4 T cell compartment for
HIV-1 infection, replication, and production. J Exp Med (2013) 210(1):143–
56. doi: 10.1084/jem.20121932

57. Fecteau JF, Cote G, Neron S. A new memory CD27-IgG+ B cell population in
peripheral blood expressing VH genes with low frequency of somatic
mutat ion . J Immunol (2006) 177(6) :3728–36 . do i : 10 .4049/
jimmunol.177.6.3728

58. Andoniou CE, Andrews DM, Degli-Esposti MA. Natural killer cells in viral
infection: more than just killers. Immunol Rev (2006) 214:239–50. doi:
10.1111/j.1600-065X.2006.00465.x

59. Scully E, Alter G. NK Cells in HIV Disease. Curr HIV/AIDS Rep (2016) 13
(2):85–94. doi: 10.1007/s11904-016-0310-3

60. Mavilio D, Benjamin J, Daucher M, Lombardo G, Kottilil S, Planta MA, et al.
Natural killer cells in HIV-1 infection: dichotomous effects of viremia on
Frontiers in Immunology | www.frontiersin.org 12
inhibitory and activating receptors and their functional correlates. Proc Natl
Acad Sci U S A (2003) 100(25):15011–6. doi: 10.1073/pnas.2336091100

61. Eller MA, Eller LA, Ouma BJ, Thelian D, Gonzalez VD, Guwatudde D, et al.
Elevated natural killer cell activity despite altered functional and phenotypic
profile in Ugandans with HIV-1 clade A or clade D infection. J Acquired
Immune Deficiency Syndromes (1999) (2009) 51(4):380–9. doi: 10.1097/
QAI.0b013e3181aa256e

62. Sondergaard SR, Ullum H, Pedersen BK. Proliferative and cytotoxic
capabilities of CD16+CD56- and CD16+/-CD56+ natural killer cells.
APMIS (2000) 108(12):831–7. doi: 10.1111/j.1600-0463.2000.tb00006.x

63. Vieillard V, Fausther-Bovendo H, Samri A, Debre PFrench Asymptomatiques
a Long Terme A-COSG. Specific phenotypic and functional features of natural
killer cells from HIV-infected long-term nonprogressors and HIV controllers.
J acquired Immune deficiency syndromes (1999) (2010) 53(5):564–73. doi:
10.1097/QAI.0b013e3181d0c5b4

64. Mavilio D, Lombardo G, Kinter A, Fogli M, La Sala A, Ortolano S, et al.
Characterization of the defective interaction between a subset of natural killer
cells and dendritic cells in HIV-1 infection. J Exp Med (2006) 203(10):2339–
50. doi: 10.1084/jem.20060894

65. Brunetta E, Fogli M, Varchetta S, Bozzo L, Hudspeth KL, Marcenaro E, et al.
The decreased expression of Siglec-7 represents an early marker of
dysfunctional natural killer-cell subsets associated with high levels of HIV-1
viremia. Blood (2009) 114(18):3822–30. doi: 10.1182/blood-2009-06-226332

66. Pohlmeyer CW, Gonzalez VD, Irrinki A, Ramirez RN, Li L, Mulato A, et al.
Identification of NK Cell Subpopulations That Differentiate HIV-Infected
Subject Cohorts with Diverse Levels of Virus Control. J Virol (2019) 93(7):
e01790–18. doi: 10.1128/JVI.01790-18

67. Bryceson YT, March ME, Ljunggren HG, Long EO. Activation, coactivation,
and costimulation of resting human natural killer cells. Immunol Rev (2006)
214:73–91. doi: 10.1111/j.1600-065X.2006.00457.x

68. Gaardbo JC, Hartling HJ, Gerstoft J, Nielsen SD. Thirty years with HIV
infection—nonprogression is still puzzling: lessons to be learned from
controllers and long-term nonprogressors. AIDS Res Treat (2012)
2012:161584. doi: 10.1155/2012/161584

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ponnan, Vijayan KK, Thiruvengadam, Hilda J, Mathayan,
Murugavel and Hanna. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
April 2021 | Volume 12 | Article 666388

https://doi.org/10.1006/jtbi.2001.2426
https://doi.org/10.1128/JVI.00789-15
https://doi.org/10.1128/JVI.00789-15
https://doi.org/10.1097/COH.0b013e3283454058
https://doi.org/10.1097/COH.0b013e3283454058
https://doi.org/10.1038/369652a0
https://doi.org/10.1186/s12879-019-3743-7
https://doi.org/10.1186/s12879-019-3743-7
https://doi.org/10.4049/jimmunol.178.12.8212
https://doi.org/10.4049/jimmunol.178.12.8212
https://doi.org/10.1371/journal.pone.0203037
https://doi.org/10.1371/journal.pmed.1000107
https://doi.org/10.1084/jem.20121932
https://doi.org/10.4049/jimmunol.177.6.3728
https://doi.org/10.4049/jimmunol.177.6.3728
https://doi.org/10.1111/j.1600-065X.2006.00465.x
https://doi.org/10.1007/s11904-016-0310-3
https://doi.org/10.1073/pnas.2336091100
https://doi.org/10.1097/QAI.0b013e3181aa256e
https://doi.org/10.1097/QAI.0b013e3181aa256e
https://doi.org/10.1111/j.1600-0463.2000.tb00006.x
https://doi.org/10.1097/QAI.0b013e3181d0c5b4
https://doi.org/10.1084/jem.20060894
https://doi.org/10.1182/blood-2009-06-226332
https://doi.org/10.1128/JVI.01790-18
https://doi.org/10.1111/j.1600-065X.2006.00457.x
https://doi.org/10.1155/2012/161584
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Role of Circulating T Follicular Helper Cells and Stem-Like Memory CD4+ T Cells in the Pathogenesis of HIV-2 Infection and Disease Progression
	Introduction
	Materials and Methods
	Ethics Statement
	Study Participants
	Isolation and Cryopreservation of PBMC
	Phenotypic Analysis of Immune Cell Subsets
	Statistical Analysis

	Results
	Expansion of Circulating T Follicular Helper Cells, Stem-Like Memory CD4+ T Cells, and CXCR5+CD8+ T Cells in HIV-2 Infected Individuals
	Increased Frequency of Memory B Cells and Plasmablast B Cells in HIV-2 Infection
	Increased Frequency of Effector Memory CD4+ and CD8+ T Cells in HIV-2 Infected Individuals
	Increased Frequency of NKG2D Expressing CD56 Negative CD16+ NK Cells in HIV-2 Infected Persons

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


