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Abstract

African green monkeys (AGMs) are a natural host of simian immunodeficiency virus (SI1Vagm)
that do not develop simian AIDS. Adult AGMs naturally have low numbers of CD4* T cells and a
large population of MHC Class Il-restricted CD8aa T cells that are generated through CD4 down-
regulation in CD4™ T cells. Here we study the functional profiles and SIV infection status /7 vivo
of CD4* T cells, CD8aa T cells, and CD8af T cells in lymph nodes (LN), peripheral blood, and
broncheoalveloar lavage (BAL) of AGM and rhesus macaques (where CD4 down regulation is not
observed). We show that while the CD8a.a T cells in AGM maintain functions associated with
CD4* T cells (including helper T follicular functionality in lymphoid tissues and Th2 responses in
BAL), they also accumulate functions normally attributed to canonical CD8* T cells. These
hyperfunctional CD8aa T cells are found to circulate peripherally as well as reside within the
lymphoid tissue. Due to their unique combination of CD4 and CD8 T cell effector functions these
CD4~ CD8aa T cells are likely able to serve as an immunophenotype capable of Thl, Tth, and
CTL functionalities, yet unable to be infected by SIV. These data demonstrate the ambiguity of
CDA4/CD8 expression in dictating functional capacities of T cells and suggest that accumulation of
hyperfunctional CD8aa T cells in AGM may lead to tissue-specific antiviral immune responses in
lymphoid follicles which limit SIV replication in this particular anatomical niche.
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Introduction

Simian immunodeficiency virus (SIV) infection of non-human primates can results in either
pathogenic or non-pathogenic infection. The variability in disease outcomes depends largely
on the host species. SIV infection of natural host species, including the African green
monkey (AGM) and sooty mangabey (SM), results in a nonprogressive SIV infection with
low levels of immune activation (1, 2). In contrast, SIV infection in non-natural species such
as the rhesus macaque, and HIV infection of humans, generally results in a pathogenic
infection with high levels of immune activation, loss of CD4* T cells, and progression to
AIDS (3). Despite high plasma SIV viral loads in both non-natural and natural host species,
progression to AIDS is very rare in the natural host species (4). Thus, contrasting
immunological differences between the natural host and non-natural host models may
provide us with a better understanding of the mechanisms by which natural hosts have
evolved to avoid disease progression.

Previous studies have shown that preservation of key immunological T cell functionality in
cells that are resistant to SIV-infection may be critical to the nonprogressive nature of the
disease in natural host species (5-7). We have shown that multiple species of natural hosts of
SIV have low frequencies of CD4* T cells and high frequencies of CD4~ T cells that have
the capability to elicit effector functions normally attributed to CD4* T cells (6). Recent
studies have expanded on these findings demonstrating that some SIV-infected SM have
very low numbers of CD4* T cells, but high numbers of double-negative (DN) T cells that
have a diverse T cell receptor repertoire and can exhibit functionality of Thl, Th2, Th17, and
Tth subsets, while maintaining proliferative capacity and resistance to SIV-infection in vivo

).

The natural host species Chlorocebus (AGM) and Erythrocebus (patas monkeys) that
manifest low numbers of CD4* T cells in adulthood, have large populations of CD8adim T
cells that express CD8a.a. homodimers and are distinct from the classical CD8 T cells that
express the a and B chain of CD8 (6-10). These CD8a.%i™ T cells arise post-thymically
upon transcriptional CD4 down-regulation by CD4" T cells (7). The resulting CD8aa T
cells retain many functional characteristics of CD4* T cells, including MHC class 11
restriction, and expression of FoxP3, CD40 ligand, 1L-17, and/or IL-2 (7). However, because
these T cells do not express CD4 mRNA or protein, they are resistant to SIV infection /n
vivo, with viral infection remaining restricted to CD4* T cells (7, 11). In addition, recent
data from mouse models suggest that down-regulation of CD4 by CD4" T cells limits the
capacity of the resultant T cells from maintaining certain Th2 effector functions, and renders
the cells capable of performing canonical CD8 T cell functions (12, 13). The existence of
this population of CD8a.a T cells, which can perform functions associated with CD4* T
cells, but are not infected with SIV, may underlie in part the non-progressive phenotype of
SIV infection in AGMs.

Another, possibly related, manifestation of AGMs and other natural hosts is an apparent lack
of both preferential infection of Tfh cells and limited follicular dendritic cell deposition of
virus, unlike what is observed in progressive HIV/SIV infections (14-17). It is unclear how
or if down-regulation of CD4 in AGM memory CD4* T cells influences the functionality of
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Tfh cells or their infectivity /n vivo and whether this affects patterns of viral dissemination
in lymphoid tissues.

Here we aim to determine whether CD4 down-regulation in AGMs influences the effector
functions that are typically associated with Thl, Th2, and Tfh subsets in comparison to
rhesus macaque (RM) cell populations that do not down-regulate CD4. Since transcription
factors involved in CD4 and CD8 lineage commitment can suppress the functional
differentiation of the other cell lineage in murine models, we characterize the relative
expression of ThPOK and Runx3 in the AGM T cell subsets. In murine models, a dichotomy
between the transcription factors Runx3 and ThPOK dictates T cell phenotype, with ThPOK
being important for both the maintenance of CD4 expression and suppression of CD8
expression while Runx3 is important for expression of CD8 and suppression of CD4
expression (18). Further, ThPOK expression in mature CD4* T cells blocks activation of the
cytolytic genes characteristic of CD8 T cells (19). Conversely, Runx3 has been shown to be
able to repress ThPOK expression and play an important role in the differentiation and
functionality of CD8 single positive cells (20, 21). In these models, the conditional knockout
of ThPOK in mature CD4" T cells induces a downregulation of CD4 and upregulation of
CD8, similar to what we observe in AGM (19).

To assess the necessity of CD4 protein and CD8p expression in cells in relation to the cell’s
functional capabilities, we characterize expression patterns of cytolytic associated markers
in the AGM CD8aa T cell subset. Finally, we aim to decipher whether the functionality of
the CD8a.a subset may affect the infectivity of LN resident Tth cells. The results of this
study will illuminate how AGMs limit disease progression and inform future HIV
therapeutic development.

Materials and Methods

Study Animals & Sample Processing

Twenty-six rhesus macaques (RMs, Macacca mulatta), nineteen African green monkeys
(AGMs, Chlorocebus pygerythrus), and five patas monkeys (Erythrocebus patas) were used
for this study (Table 1). The RM study cohort was comprised of 14 SIV-infected RMs (8
chronically infected with SIVmac239, 2 chronically infected with SIVmac251, 1 chronically
infected with SIVsmES543, and 3 with SIVmac239-associated simian AIDS) and 12 SIV-
uninfected RMs. The AGM cohort was comprised of 13 SIV-infected AGM (9 chronically
infected with SIVagm90 and 4 naturally infected) and 6 SIV-uninfected AGM. The patas
cohort was limited to 5 SIV-uninfected animals. All animals were housed and cared for in
accordance with standards outlined in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health in AAALAC-accredited (American Association
for Accreditation of Laboratory Animal Care) facilities. The NIAID Division of Intramural
Research Animal Care and Use Committees (IACUC) approved all animal procedure
protocols (LPD26 and LMMB6).

Peripheral blood and bronchoalveolar lavage (BAL) were processed and analyzed from fresh
samples, while cell suspensions from axillary and inguinal lymph nodes (LNs) were
analyzed from frozen samples attained at necropsy. Peripheral blood mononuclear cells

J Immunol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vinton et al.

Page 4

(PBMCs) were isolated via standard density gradient centrifugation using lymphocyte
separation medium (LSM, MP Biomedicals, Santa Ana, CA). BAL samples were washed
twice in complete medium consisting of: Hyclone RPMI 1640 media supplemented with
10% Hyclone Defined Fetal Bovine Serum, 1% Hyclone L-glutamine 200MM, and 1%
Hyclone Penicillin/Streptomycin solution (GE Healthcare Bio-Sciences Corp, Marlborough,
MA). BAL samples were then filtered and resuspended in complete medium. LNs were
processed into single-cell suspensions as described previously (22). To study T cell
functionality, we incubated cells from peripheral blood, LN, or BAL overnight at 37°C with
medium alone (unstimulated control) or 1 pg/mL of staphylococcus enterotoxin B (SEB)
(Sigma, St. Louis, MO) in the presence of 5 uL/mL of CD107a APC monoclonal antibody
(H4A3; Biolegend; San Diego, CA), 1 uL/mL BD GolgiStop (BD Biosciences; San Diego,
CA), and 1 pg/mL Brefeldin A (Sigma).

Flow cytometry

Immunophenotypic and functional characteristics were analyzed utilizing multicolor flow
cytometry. Mononuclear cells were first stained with a live/dead fixable aqua dead cell dye
(Life Technologies, Carlsbad, CA). The following Mabs were then used for ex vivo staining
of cells: CD3 ALX700 (Clone SP34-2), CD4 BV605 (L200), IFNy PE-Cy7 (4S.B3), TNFa
FITC (MAb11), and Granzyme B PE (GB11) from BD Biosciences; CD8 PB or CD8
BV650 (RPA-T8), CD95 PE-Cy5 (DX2), IL-2 BV785 (MQ1-17H12), Foxp3 ALX488
(206D), IL-5 PE (JES1-39D10), and IL-13 APC (JES10-5A2) from Biolegend; CD28 ECD
(28.2) from Beckman Coulter (Brea, CA); and PD-1 PerCP-eFluor710 (eBioJ105), CXCR5
eFluor450 (MUSUBEE), IL-21 PE (eBio3A3-N2), and CD40L APC-eFluor780 (24-31)
from Affymetrix/eBioscience (San Diego, CA). Cells were stained for surface markers,
washed in PBS, and then permeabilized and washed with the Foxp3/Transcription Factor
Staining Buffer Set from Affymetrix/eBioscience before intracellular staining.

All flow samples were run on LSR Fortessa or FACS Aria cytometers (BD Biosciences) and
analyzed using the Tree Star FlowJo software version 9.9 (Ashland, OR). A threshold cutoff
of 200 cells of the parent population was used for all cell subset analysis. Absolute cell
counts were calculated from flow cytometric determination of cell frequencies and complete
blood cell absolute lymphocyte counts (Antech, Irvine, CA).

We gated lymphocytes based on size by FSC-A and SSC-A, followed by singlets, live CD3",
memory (CD28*/~CD95*). From this parent population we then gated on CD4*, CDgPright
(CD8ap), CD8YM (CD8a.a), and double-negative (DN; cells that expressed neither CD4 nor
CD8) cell populations, followed by their corresponding expression of each cytokine or
functional marker. When characterizing Tfh cells we used the following gating:
lymphocytes/singlets/live CD3*/memory/Tfh (CXCR5"PD1*)/T cell subset.

Real-time PCR analysis of ThPOK and Runx3 expression

Memory CD4*, CD8a, and CD8aa T cells were sorted from RM and AGM peripheral
blood samples using a FACS Avria Il flow cytometer. Total RNA was extracted using TRI
reagent (Sigma Aldrich, St. Louis, MO), followed by reverse transcription (Superscript 111,
Life Technologies). Real-time PCR was performed using Power SYBR Green Master Mix
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(Applied Biosystems, Foster City, CA) with the following detection primers: ThPOK
Forward 5 -GGAGTTCCCAATGGTGAAGA-3"; ThPOK Reverse 5’-
TCAGGGACTAGGTGGTTTGC-3"; Runx3 Forward 5'-
TTCCTAACTGTTGGCTTTCC-3’; Rux3 Reverse 5'-TAGGTGCTTTCCTGGGTTTA-3;
ACTB forward 5"-ATTGCCGACAGGATGCAGAA-3’, and ACTB reverse 5’-
GCTGATCCACATCTGCTGGAA-3 . Amplification was achieved using the following
conditions: 95°C holding stage for 10 minutes, followed by 45 cycles at 94°C for 30
seconds, 58°C for 45 seconds, and 72°C for 30 seconds. Relative expression was calculated
using the ACt method.

Quantitative PCR for SIV DNA

We sorted CD4* non-Tfh (live, CD3*CD4*CD28*/~CD95*CXCR5~PD1!°W lymphocytes)
and CD4* Tth (live, CD3*CD4*CD28*/~CD95*CXCR5*PD19" lymphocytes) cell
populations utilizing a BD FACS ARIA 11 flow cytometer and then lysed the sorted cells
with 25 L of a 1:100 dilution of proteinase K (Roche, Indianapolis, IN) in 10 mM Tris
buffer (23). We performed quantitative PCR with 5 uL of cell lysates per reaction using the
following reaction conditions: 95°C for 5 minutes and 40 cycles of 95°C for 15 seconds
followed by 60°C for 1 minute. We used the TagMan Gene Expression Master Mix (Life
Technologies) with species specific PCR primers and probes used to amplify viral DNA
(Table 2). The StepOne Plus PCR machine and software was used to amplify genes of
interest (Applied Biosystems, Foster City, CA).

Plasma Viral Load

A real-time RT-PCR assay for quantitation of viral RNA in plasma was performed as
previously described (24).

SIV DNAscope & Quantitative Image Analysis

DNAscope /n situhybridization (ISH) was used to detect SIV vVDNA positive cells within
the LN as previously described (25, 26) and as follows in brief. Inguinal and or axillary LNs
were collected at time of necropsy in freshly prepared 4% paraformaldehyde (PFA) for 24
hours, followed by replacement of fixative with 80% ethanol. LN tissues were then paraffin
embedded. A sense probe targeting the reverse strand within 943-8792 of SIVagm ver
(accession number L40990.1, https://www.ncbi.nlm.nih.gov/nuccore/L40990.1, gag, pol, vif,
vpr, tat, rev, and env) was utilized for DNAscope analysis (ACD, Cat. #300031-C1).
RNAscope and DNAscope /n situ hybridization were performed on subjacent sections of
lymph nodes for each sample.

Slides with DNAscope stained tissues were scanned at 40x magnification with an AT2 slide
scanner (Aperio Technologies, Vista, CA). Regions of interest (ROIs), including B cell
follicles and T cell zone tissue were saved as TIFF images for analysis. We counted
hematoxylin-stained nuclei and DAB or Fast-Red-stained vDNA+ cells in B cell follicles
and T cell zones with Photoshop CS3 (Adobe Systems, San Jose, CA) and Fovea Pro 4
(Reindeer Graphics, Asheville, NC). The vDNA+ cells were counted as previously described
(26). Nuclei were counted with a similar method: duplicating an ROI, thresholding its red
color channel, copying and pasting the thresholded image as a new layer on the original

J Immunol. Author manuscript; available in PMC 2018 June 01.


https://www.ncbi.nlm.nih.gov/nuccore/L40990.1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vinton et al.

Page 6

image, refining segmentation by morphological opening and closing based on a depth of 1.5
pixels, watershed segmentation, and counting the segmented objects.

Statistical Analyses

Results

Statistical analyses were performed with v6.0 Prism (GraphPad Software, La Jolla, CA). The
Wilcoxon matched-pairs signed rank test was used for cell subset comparisons within
species and the Mann-Whitney U test was used for cell subset comparisons between species.
Pie charts and functionality comparisons were assessed using SPICE v5.3 (National Institute
of Allergy and Infectious Diseases). The permutation test within SPICE was run with 10,000
permutations and each species cell subset was treated as an overlay, with each sample
grouped. The P-values included with each SPICE analysis reflects the differences between T
cell subsets based upon differential combinations of functionalities (i.e.
CD40L*CD107*Foxp3~Granzyme BIFNy~IL-2") and not differences of total number of
functions (i.e. 1* function, 2* functions, etc).

ThPOK and Runx3 are expressed in AGM CD8aa. T cells

Given the important relationship of ThPOK and Runx3 in the expression and maintenance of
CD4 and CD8 in the murine model, we evaluated the relative expression of these
transcription factors in the T cell subsets of RMs and AGMs. Using flow cytometric sorting,
we isolated memory CD4*, CD8af, and CD8a.a T cells from the peripheral blood of four
SIV-uninfected RM and five AGMs (one SIVagm90 infected, with no CD4™ T cells as
previously reported (27)). Surprisingly, unlike observations in mice, all T cell subsets from
both AGM and RM expressed similar levels of ThPOK (Fig. 1A). Moreover, in AGM, all T
cell subsets, irrespective of CD4/CD8 expression patterns, expressed similar levels of Runx3
(Fig. 1B). RM CD8ap T cells expressed Runx3 at significantly higher levels than did RM
CDA T cells (P=0.0286, Fig 1B). The lack of expression differences of ThPOK and Runx3
among the AGM T cell subsets may, indeed, contribute to decreased expression of CD4 by
CD4™* T cells after their immunological experience.

Functionality of PB T cells

Previously, we reported that AGM have high frequencies of T cells that down regulate CD4
and up regulate the alpha chain of CD8, while maintaining effector functions generally
associated with CD4* T cells (7). Recent studies in mice suggest that Th2 responses require
expression of CD4 and that loss of CD4 expression by MHC-I1-restricted T cells can be
associated with an increased CD8* T cell associated effector functionality (12, 13). To assess
cellular immunophenotype and functionality of T cells from progressive and nonprogressive
NHP species, we stimulated peripheral blood mononuclear T cells from rhesus macaques
(whose CD4* T cells maintain expression of CD4), AGM, and patas (whose CD4* T cells
can down regulate CD4 expression) with the super antigen Staphylococcus enterotoxin B
(SEB) (Fig. 2 and Fig. S1). From each species, frequencies of memory T cells that expressed
CD4, CD8aa, CD8ap, or were double negative (DN, Fig. 2A) mirrored what we have
reported previously. Within these populations, we then measured SEB-induced expression of
CD40L (Fig. 2B), IL-2 (Fig. 2C), IFN+y (Fig. 2D), Granzyme B (Fig. 2E), CD107a (Fig.
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2F), IL-5 (Fig. 2G), and IL-13 (Fig. 2H) (patas data, Supplemental Fig. 1). Consistent with
our previous reports, the CD8aa T cells from AGM, and the CD8aa and DN T cells from
patas animals were able to elicit effector functions normally associated with CD4* T cells
(6). While, significantly lower frequencies of CD8a.a T cells from AGM expressed CD40L
and IL-2 than canonical CD4" T cells, a significantly higher percentage of them expressed
these markers than did the CD8ap T cells of either RM or AGM. These AGM CD8a.a T
cells could additionally perform effector functions normally associated with CD8 T cells
including expression of IFNy, Granzyme B, and were able to mobilize CD107a to the cell
surface. Indeed, similar frequencies of CD8a.a and CD8a T cells from AGM expressed
Granzyme B and mobilized CD107a after stimulation (Fig. 2E & 2F). Similar results were
seen in patas CD8aa T cells that had down-regulated CD4 (Supplemental Fig. 1E & 1F).
Thus, these results suggest that in AGM and patas, circulating T cells that down regulate
CD4 maintain “CD4* T cell” functions, while also developing effector functions normally
attributed to CD8ap T cells.

Given recent data suggesting that loss of CD4 expression by CD4* T cells renders T cells
incapable of eliciting Th2 types of immune responses (28), we also measured expression of
IL-5 and IL-13 post-SEB stimulation. We found that in AGM and patas low frequencies of
stimulated T cells that had down regulated CD4 could express IL-13 and IL-5, similar to the
frequencies of both CD8a T cells and canonical CD4* T cells (Fig. 2G & 2H). However, it
is important to note that there were very low frequencies of T cells that produced either
IL-13 and/or IL-5 in peripheral blood.

To categorize CD8aa T cells along the spectrum of canonical CD4 and CD8af function,
we graphically visualized the peripheral blood flow cytometry data with SPICE and
observed the truly intermediary immunophenotype of the AGM CD8aa T cells (Fig. 2I).
These cells share functional characteristics of both CD4* and CD8a T cells, but are still
significantly functionally distinct. While the CD8ap T cells of RM and AGM are
remarkably similar, their CD4* T cell subsets are functionally distinct. Surprisingly, the low
frequency of CD4/CD8 double negative (DN) T cells in RM and AGM CD8aa T cells share
many functional characteristics (P=0.5653, Fig. 2I). The shared functionality of the AGM
CD8aa and RM DN T cells demonstrate that seemingly neither the expression of CD4 or
the CD8p chain are necessary for the CD4 and CD8 T cell ascribed functions.

Functionality of BAL T cells

Several studies have shown that Th2 type responses are present at higher levels within the
lung (reviewed in (29)). Therefore, we extended our analysis to the functionalities of T cell
subsets in broncheoalveolar lavage samples (BAL). In AGMs BAL T cells are
predominantly comprised of CD8a.a cells that have down-regulated CD4 and conventional
CD8ap cells (52.17% and 42.96%, respectively), with few contributing canonical CD4* T
cells (Fig. 3A). We found that stimulated CD8a.a T cells in the BAL are capable of retaining
CD4* T cell functionality including CD40L and IL-2 expression (Fig. 3B & 3C). Similar to
what we saw in peripheral blood, AGM CD8aa T cells within the BAL also exhibited CD8
T cell functions including the expression of IFNy (Fig. 3D). Additionally, AGM BAL
CD8aa T cells were capable of expressing both IL-5 and 1L-13 (Fig. 3E & 3F). Hence, the
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CD8aa T cells in BAL could certainly perform effector functions associated with CD4*
Th2 cells. SPICE analysis of BAL cellular functionality characterized the CD8a.a T cells as
again, an intermediate cell type, having functionality of both CD4* and CD8a T cell
subsets, with the AGM BAL CD8a.a T cell subset being functionally distinct from all other
examined T cell subsets, irrespective of species (Fig. 3G).

Functionality of LN T cells

Given the observation of multi-functional CD8a.a T cells in both the peripheral blood and
BAL, we next sought to assess functionality in the LN — in particular, if the CD8a.a T cells
could behave as Tth cells. Tth cells play an important role in promoting the activation,
expansion, and differentiation of B cells, as well as contributing to the formation of the
germinal center. The ability of the AGM CD8aa T cells to interact within the immune
system with the dual functionality of both CD4* and CD8a T cells could allow them to
avoid SIV infection while maintaining protective cytolytic activity. This may be particularly
important at immunological sites such as the lymph node that serve as long-term reservoirs
for both HIV and SIV infections (30).

Within the LN of AGM the CD8a.a. T cells comprised 46.4% to 59.4% of memory T cells
(Fig. 4A). The percentage of CD40L and IL-2 expressing CD8aa AGM T cells were
between that of CD4* and the CD8a T cell subsets of both AGM and RM (Fig. 4B & 4C).
Additionally, the frequencies of AGM CD8a.a and AGM CD8ap cells expressing IFN-y
were similar (Fig. 4D). Although frequencies of AGM CD8aa T cells within the LN that
could mobilize CD107a to the surface were comparable with the frequencies of CD8a T
cells (Fig. 4E), fewer CD8aa T cells expressed Granzyme B compared to CD8ap T cells
(Fig. 4F). Analysis of TNFa expression showed no significant differences among AGM T
cell subtypes (data not shown). While higher frequencies of AGM CD4* T cells were
phenotypically characterized as Tth cells (based upon expression of CXCR5 and PD1)
compared to CD8aa T cells (Fig. 4G), it was clear that the AGM CD8a.a T cells could
exhibit Tfh phenotypes which was not observed among CD8ap T cells of either RM or
AGM. Similarly, the highest expression of the Tfh effector cytokine IL-21 was observed in
stimulated CD4* T cells, while IL-21 was practically absent in CD8ap T cells of either RM
or AGM, yet some CD8a.a T cells could produce this cytokine (Fig. 4H). Although, these
data strongly suggest that AGM CD8a.a T cells can behave as Tth cells, Spice analysis of
the overall functionality of the lymphocyte cellular subsets within the LN suggests that the
profile of the AGM CD8aa T cells more closely resembles that of the CD8a T cell subset
of the RM than the CD4" subset of either species (Fig. 41).

To better understand the degree to which CD8a.a T cells contribute to the overall levels of
Tth cell activity within lymphoid tissues of AGM, we identified Tth cells (based upon
expression of CXCR5 and PD1) and then determined the frequencies of those cells that
expressed CD4, CD8ap, or CD8aa in AGM and RM (Fig. 5A). As expected, in RM the
vast majority (median 92%) of all Tth cells were CD4* T cells. However, in AGM many (up
to 50%) of the Tfh cells were CD8aa T cells (Fig. 5A).

We next sought to examine the functionality of Tfh cells in RM and AGM based upon their
differential expression of CD4 or CD8aa (Fig. 5B—H). We examined several important Tth

J Immunol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vinton et al.

Page 9

functions including expression of CD40L (Fig. 5B), IL-2 (Fig. 5C), and IL-21 (Fig. 5D).
With the exception of IL-2, the CD8a.a. Tth cells were able to elicit similar functional
responses when compared to CD4* Tth cells of either RM or AGM. We also measured
expression of IFNy (Fig. 5E), mobilization of CD107a (Fig. 5F) and expression of
Granzyme B (Fig. 5G) to determine if CD8aa Tth cells could function cytolytically within
the LN. The CD8aa Tth cells had similar expression of these functions, normally associated
with CD8 T cell effector functions, as the CD4* Tfh cells from both RM and AGM. Indeed,
Spice analysis shows that the functionality of the different Tth cells were comparable (Fig.
5H). Thus the CD8a.a Tth cells did not exhibit the CD4*/CD8"* T cell dual functionality
observed among the other memory CD8aa T cells.

Tth cells are preferentially infected in progressive infection by virtue of the fact that they
express CD4, are highly activated, and located in a microenvironment ideally suited for
infection. We have previously shown that down-regulation of CD4 influences how T cell
subsets are targeted by SIVagm /7 vivoin peripheral blood (7) and we postulated that CD4
down-regulation might influence infectivity of Tfh cells in AGM lymphoid tissues /in vivo.
We used DNAscope /n situ hybridization to detect and quantify the number of viral DNA+
cells in paraffin-embedded lymph nodes and to determine the anatomic localization of
SIVagm-infected cells in distinct LN microenvironments (i.e. B cell follicles or T cell
zones). Hemotoxylin counter staining of DNAscope stained tissue sections allowed us to
quantitate how many viral DNA+ cells resided within the distinct T cell zone and B cell
follicle anatomical sites (Fig. 6A). This analysis revealed that there were comparable
numbers of SIV viral DNA+ cells within the lymphoid follicles of AGM lymph nodes
compared to the numbers of viral DNA+ cells within the T cell zone (Fig. 6B).

To further address specific infectivity of the CD4* Tfh subset we flow cytometrically sorted
CD4* Tfh cells and CD4* memory T cells that were not Tfh cells (based upon expression of
CXCRS5, PD1, CD28, and CD95) and assessed infection status by gPCR for SIVVagm DNA
(Fig. 6C). In doing so, we found very low levels of viral DNA in AGM Tfh cells, with higher
levels of viral DNA in lymph node-resident non Tfh memory T cells. Conversely, we have
previously shown in RM increased frequencies of SIV-infected CD4" Tth cells when
compared to non Tfh, memory, CD4* T cells (15). Collectively, these data demonstrate that
SIVagm does not preferentially infect AGM Tth cells /n vivo.

Discussion

Here we have studied the functionality of tissue-resident T cells in AGM based upon
differential expression of CD4 and CD8. We find that: i) AGM CD8aa T cells (CD4* T
cells that have down-regulated CD4 expression) express both ThPOK and Runx3 at similar
levels as CD4" and CD8af T cells respectively; ii) CD8aa T cells in peripheral blood and
tissues maintain effector functions of CD4* T cells including those of Th2 cells and Tfh
cells; iii) CD8aa T cells can also accumulate some effector functions normally associated
with cytotoxic CD8ap T cells; and iv) down-regulation of CD4 by Tth cells in lymphoid
tissue protects these cells from preferential infection by SIVagm. These data show the
probable irrelevance of CD4 expression on functionality of T helper cell subsets in primates
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and how CD8 expression by CD4 T cells allows them to accumulate CD8 T cell
functionality.

T helper lymphocyte functionalities are dictated by the differential expression patterns of
particular master transcription factors such as T-Bet (Th1), Gata-3 (Th2), FoxP3 (Treg), and
ROR+yt (Th17/Th22) (31). Although these transcription factors mediate the functional
responses of their respective cell type, these T cell lineage fates are not fixed (31). While T
helper cell functionality might have some degree of plasticity, post-thymic expression of
CD4 by these T cells is, in almost every mammalian species, constant. Similar to the control
of helper cell functionality, expression patterns of CD4 and CD8 are dictated by differential
expression patterns. Here we studied the relative expression the transcription factors ThPOK
and Runx3 in sorted AGM and RM T cell subsets and found similar expression levels among
all AGM T cell subsets. However, in RM Runx3 was expressed at higher levels in CD8ap T
cells, which is congruent with findings in murines wherein ThPOK and Runx3 serve as
master transcriptional factors regulating CD4/CD8 expression and function. Interestingly,
the lack of differences in relative ThPOK and Runx3 expression levels among AGM T cell
subsets may underlie the CD4 down-regulation and their ability to acquire effector functions
normally attributed to cytolytic T cells, as we observe in the peripheral blood, BAL, and LN.
ThPOK deleted murine T cells are able to simultaneously maintain MHC-II restriction while
maintaining most effector functions of both T helper cells as well as cytotoxic CD8 T cells,
including degranulation and expression of Granzyme B (32, 33). While the CD4 down-
regulated T cells tended to maintain T helper effector functions in the conditional ThPOK
knockout mice, these T cells could not effectively perform Th2 effector functions after
parasitic infections and their ability to perform Tfh activity has not thoroughly been studied
(28).

Our data shows that the AGM CD8aa T cells in circulation, within the lung, and lymph
node are capable of Thl, Th2, Tfh and, to some extent CTL functions. Thus the lack of Th2
activity observed in murine models when CD4 is down-regulated, does not demonstrate an
absolute necessity of CD4 for Th2 functionality in AGMs or other primate species. In fact,
DN cells of SMs have been shown to have Thl, Th2, Th17, and Tfh functionality despite
their lack of CD4 expression (5). Interestingly, Sundaravaradan et a/demonstrated that SIV
infection augments the ability of DN T cells to upregulate both IL-5 and 1L-13 while
maintaining IL-4 and IL-10 (5), further demonstrating that CD4 expression is not necessary
for Th2 functionality. Furthermore, our analysis of DN and CD8a.a. T cell subsets in the
peripheral blood of patas monkeys demonstrates this functionality may be conserved in
CDA4™ T cell subsets among multiple natural hosts species of SIV (Suppl. Fig. 1).

Increased cytolytic function by AGM CD8a.a cells may include an absolute increase in anti-
SIV responses, as is observed in controller macaques (34). Indeed, decreased infection of
CD4" Tth relative to non-Tfh may be a reflection of increased anti-SIV responses resulting
in a limitation of SIV infection within lymphoid follicles. Although approximately 50% of
all AGM Tfh cells were CD8a.a these T cells did not, preferentially, exhibit CTL activity.
Thus the lack of preferential infection of AGM Tfh cells does not appear to be mediated by
CD8aa T cell clearance. Rather, down regulation of CD4 on these cells in combination with
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a very low level of viral trapping on the FDC network similar to what we have seen
previously in sooty mangabeys is the likely mechanism (15).

These data demonstrate that CD4 expression is not critically important to maintain the
effector functions of T helper cells in primates, thus highlighting the importance of CD4
down-regulation for the nonprogressive nature of SIVagm infection of AGM in maintenance
of immunological function. We believe these data could lead to novel therapeutic
interventions for HIV-infected individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ThPOK and Runx3 expression in memory T cell subsets of rhesus macaques (RMs) &
African Green Monkeys (AGMs)

(A) ThPOK mRNA and (B) Runx3 mRNA in memory CD4*, CD8a, and CD8a.a
peripheral blood T cells of RMs and AGMs. Expression is relative to p-actin mRNA. All
horizontal bars represent the median. Limit of detection (LOD) is <0.0005.
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Fig. 2. Peripheral blood T cell functionality in RMs& AGMs
Characterization of (A) memory T cell lymphocyte subsets and their expression of (B)

CD40L, (C) IL-2, (D) IFNYy, (E) Granzyme B, (F) CD107a, (G) IL-5, and (H) IL-13 after
SEB stimulation in RM shown in circles and AGM shown in squares. Closed symbols
represent SIV-uninfected animals, while open symbols represent SIV-infected animals. (1)
SPICE analysis illustrating number of functions in corresponding colored pie sections
(legend on the left) and specific functionality as illustrated by the colored arcs (legend on the
right). Multifunctional profile differences between cellular subsets (P-values) were assessed
by the SPICE software permutation test. All horizontal bars in A—H reflect the median of
that T cell subset. All P-values greater than 0.05 are represented as NS (not significant).
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Fig. 4. Functionality of LN-resident T cell subsetsin RMsand AGMs
Characterization of (A) memory T cell CD4*, CD8af3, and CD8a.a subsets and their

expression of (B) CD40L, (C) IL-2, (D) IFN-y, E) CD107a, (F) Granzyme B, (G) Tfh
markers CXCR5 and PD-1, (H) IL-21, and TNFa (graphical data not shown) after SEB
stimulation in RM (circles) and AGM (squares). Closed symbols represent SIV-uninfected
animals, while open symbols represent SIV-infected animals. (1) SPICE analysis illustrating
number of functions in corresponding colored pie sections (legend on the left) and specific
functionality as illustrated by the colored arcs (legend on the right). Multifunctional profile
differences between cellular subsets (P-values) were assessed by the SPICE software
permutation test. All horizontal bars in A—H reflect the median of that T cell subset. All P-
values greater than 0.05 are represented as NS (not significant).
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Fig. 5. Functionality of Tfh T-cell subsets of RMsand AGMs
Percent of (A) CXCR5"PD-1* memory CD3* T cell lymphocyte CD4*, CD8af, and

CD8aa subsets and their expression of (B) CD40L, (C) IL-2, (D) IL-21, E) IFNvy, (F)

CD107a, and (G) Granzyme B after SEB stimulation in RM (circles) and AGM (squares).

Closed symbols represent SIV-uninfected animals, while open symbols represent SIV-
infected animals. (1) SPICE analysis illustrating number of functions in corresponding
colored pie sections (legend on the left) and specific functionality as illustrated by the

colored arcs (legend on the right). Multifunctional profile differences between Tfh cellular
subsets (P-values) were assessed by the SPICE software permutation test. All horizontal bars

in A-G reflect the median of that T cell subset. All P-values greater than 0.05 are
represented as NS (not significant).
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Fig. 6. SIV viral DNA infectivity in the AGM LN
(A) Representative DNAscope image showing SIV vDNA+ cells located within follicles

(white arrows) and in the paracortex (black arrows) in a representative AGM at low
magnification (main panel, 100pm) and high magnification (300um). (B) Quantitation of the
number of SIV vDNA+ cells located within B cell follicles or T cell zones of AGM by
DNAscope ISH staining. The limit of detection (LOD) is less than 1 in 7,000 cells. (B)
Memory CD4* non-Tfh (CXCR5™PD-1!"%) and memory CD4* Tfh (CXCR5*PD-1high)
were flow cytometrically sorted from LNs of SIV-infected AGM and infection levels of the
subsets were determined by quantitative PCR. The LOD is less than 1 in 10,000 cells. Lines
connecting data points indicate cells from the same animal (matched pairs). All Pvalues are
based on the Wilcoxon matched pairs test.
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