




















T Follicular Helper Cells in SIV Infection

FIG 4 CD4" T cell and Tth cell frequencies during the early stage ( 28 days postinfection) and late stage ( 77 days postinfection) in ILNs. Lines connecting
two data points indicate sequential ILN biopsy specimens from the same macaque. (A) The CD4" T cell proportion as a percentage of CD3" T cells decreased
in ILNs from the early stage (n = 9) to the late stage (n = 12) but was not statistically significant. (B) The Tth cell proportion as a percentage of CD4" T cells
significantly increased in ILNs from the early stage (n = 9) to the late stage (n = 12). (C) The Tth cell proportion as a percentage of memory (CD45RA ™) T cells
significantly increased in ILNs from the early stage (n = 9) to the late stage (n = 12). (D) In memory CD4 ™" T cells, the PD-1"#" subset expressed significantly
higher levels of IL-6Ra than the non-PD-1"8" subset (1 = 10). (E) In memory CD4* T cells, the PD-1"#" subset expressed significantly higher levels of CD130
than the non-PD-1"#" subset (n = 10). (F) Representative staining of CD126 (left) and CD130 (right) on macaque memory CD4 " T cells. The IgG staining
control is shown as shaded histograms, PD-1"¢" CD127'°" cells are shown as solid lines, and the remaining memory CD4" T cells are shown as dashed lines.
Results are representative of 10 experiments.

bodies were detected in plasma samples from all 13 macaques other 8 macaques were euthanized at between 6 months and 1 year
from time points later than 2 to 3 weeks after infection (Fig. 7).  after infection. Half of these macaques had continuously increas-
Five of the 13 macaques were euthanized before the first 6 months  ing antibody levels until euthanasia (Fig. 7B), while the other half
postinfection, and in 4 out of 5 of these macaques, SIV antibody had peak antibody levels between days 35 and 97, which then
levels were increasing at the time of euthanasia (Fig. 7A). The decreased with a variable time course (Fig. 7C). These results show
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FIG 5 Expression levels of CCR5, CXCR6, and GPR15 determined by flow cytometry and RT-qPCR. (A) CCR5 protein levels on CD4 ™ T cell subsets on macaque
tissues (n = 7), measured by flow cytometry. (B) Representative plots for CCR5 (second panel), CXCR6 (third panel), and GPR15 (far right) staining on memory
CD4" T cells from SIV" (top) and SIV-negative (bottom) macaque tissues. Plots on the left show negative controls, in which the first antibody was not added.
(C) mRNA levels of CCRS5 (left), CXCR6 (middle), and GPR15 (right) on CD4™ T cell subsets measured by RT-qPCR (white bars, PD-1"&"; black bars, PD-1m¢¢,;
patterned bars, CD127*; gray bars, CD45RA™).
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FIG 6 Neighbor-joining tree of gp120 sequences from proviral DNA isolated from CD4 ™" T cell subsets (PD-1"" CD127'°%, PD-1™¢¢ CD127°%, PD-1~ CD127°*, and
CD127* memory CD4™" T cells as well as CD45RA™ naive CD4™ T cells) of macaques infected with SIVmac239 or STVmac251. STVmac239 and SIVmac251 reference
sequences were downloaded from GenBank, and SIVmac251 was assigned to be the root of the tree. The sample name shows the macaque identification, days
postinoculation, and subset name in order. Branches are scaled in absolute numbers of differences according to the scales at the bottom of the trees.

that these macaques were capable of making an SIV-specific anti-
body response, despite evidence of infection of Tth cells with SIV.

DISCUSSION

In order to study the effect of SIV infection on macaque Tth cells,
we have demonstrated that PD-1"¢" CD127'°" memory CD4" T

TABLE 2 Summary of gp120 clonal sequencing results

No. of clones No. of clones in

No. of in which DNA  which protein

gpl120 sequence had  sequence had DNA mutation
T cell clones 100% identity ~ 100% identity ~ rate (per
subset analyzed  to reference to reference 1,000 bp)
PD-1Me* 23 5 9 0.74
PD-1med 23 6 11 1.31
cb27t 17 3 6 1
CD45RA* 16 6 8 0.98
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cells in lymphoid tissue can be characterized as CXCR5™, IL-217,
ICOS™, Bcl-6, and IL-6R™ cells, analogous to Tth cells in mice
and humans (2, 31). The phenotype of macaque Tth cells has not
been extensively studied. In particular, the expression of the tran-
scription factor Bcl-6 is an important regulator of Tth differenti-
ation (2) and was clearly upregulated in pigtail macaque PD-1"¢"
CD127°% memory CD4" T cells. This definition of Tth cells is
consistent with that reported very recently by Petrovas and col-
leagues (27).

Subsequently, we showed that highly purified pigtail macaque
PD-1"¢" CD127"" memory CD4" Tth cells were infected with
SIV DNA and SIV RNA. The presence of spliced STV mRNA indi-
cates that these cells can be productively infected. Rapid progres-
sion of SIV infection occurs in 10 to 30% of rhesus macaques
infected with STVmac251 or SIVsm strains. These macaques pro-
duce little or no SIV-specific antibody response (32, 33), consis-
tent with a complete loss of CD4™" T cell helper activity, and are
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FIG 7 Anti-SIV antibody production in 13 SIV-infected macaques. (A) Five macaques were euthanized within 6 months postinfection. Antibody levels reached
maximum at the time of euthanasia. (B) Four macaques, monitored for longer than 6 months postinfection, had antibody levels that were still increasing at the
time of euthanasia. (C) Four macaques, monitored for longer than 6 months postinfection, had antibody levels that reached a maximum between days 35 and 97

postinfection and then decreased by the time of euthanasia. OD, optical density.

characterized by high numbers of productively infected cells (33),
including in germinal centers after primary infection (32), and
significantly higher levels of apoptosis in the T cell areas of lymph
nodes (34). Importantly, in the 13 macaques included in the cur-
rent study, there were no such antibody-negative rapid progres-
sors, suggesting that in our cohort, infection of Tth cells was asso-
ciated with typical progression and not related exclusively to rapid
progression.

Our results confirm and extend a recent report that impair-
ment of antibody responses in SIV-infected rhesus macaques was
associated with viral infection of PD-1" lymph node cells (35).
However, that study did not distinguish cells on the basis of the
extent of PD-1 expression, which we found was important in de-
fining Tth cells. As a result, the cells studied were described as
ICOS™ and CTLA-4", both of which can be expressed by both T
regulatory cells (36) and activated Th1 cells in acute HIV-1 infec-
tion (7, 17). Our results confirm, and extend, a more recent report
of infection of Tth cells in rhesus macaques at rates similar to those
of other memory subsets on the basis of viral DNA copies per cell
(27).

Our results also demonstrate that in typical progressive SIV
infection, while there is infection of Tth cells, the function of these
cells appears overall to be intact, since there is continuing devel-
opment of anti-SIV antibody responses, and in fact, the propor-
tion of Tth cells in lymph nodes increases longitudinally. Two
other very recent studies reported a progressive increase in num-
bers of PD-1" Tth cells in chronic SIV infection (27, 37), and
similar increases have been noted for humans chronically infected
with HIV-1 (38). In a previous study by Hong et al. (37), occa-
sional CD4 " cells in germinal centers were also SIV Gag* by im-
munohistochemistry, and in the study by Petrovas et al., similar
rates of SIV DNA were detected in each sorted memory cell subset.
Our results show similar rates of SIV DNA infection and further-
more show that this provirus is transcriptionally active, with SIV
RNA being present in highly purified PD-1"¢" CD127'°" memory
CD4™ T cells. These observations are consistent with previous
observations that there is an increased development of germinal
centers in pathogenic primate models of primate SIV infection
compared to nonpathogenic models (39).

A very recent report showed that pathogenic SIV infection of
rhesus macaques and HIV infection of humans are associated with
productive infection of Tth cells, together with very large deposits
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of virions on follicular dendritic cells, in germinal centers, at much
higher levels than those found in sooty mangabeys, a natural host
for SIV (40). This intriguing finding suggests that germinal center
reservoirs may indeed be an important defining pathogenic fea-
ture of SIV/HIV infection. Germinal centers in HIV-1 infection
represent the largest reservoir of HIV-1 in the body within in-
fected individuals (reviewed in reference 41).

The mechanisms for Tth cell accumulation during chronic
SIV/HIV infection are yet to be fully resolved. Recent studies of
lymphocytic choriomeningitis virus (LCMV) infection in mice
(42), SIV infection in rhesus macaques (27, 37), and HIV infection
in humans (38) have shown that chronic viral persistence leads to
an increase in the number of Tth cells. In the LCMV-infected
murine model, viral persistence and prolonged T cell receptor
(TCR) stimulation were shown to progressively redirect CD4" T
cell development away from a Th1 response during acute infection
and toward a Tth-dominated response during the chronic phase
(42). In this model, a post-acute-phase IL-6 response was associ-
ated with a resurgence in antibody-mediated clearance of viral
infection (43). It is therefore intriguing that both IL-6 mRNA
levels in lymph nodes and IL-6 protein levels in plasma are dra-
matically upregulated following SIVmac239 (44) and SIVmac251
(45) infections, respectively. Another molecular mechanism that
could contribute to the skewing of effector CD4™ T cells toward
Tth cells was recently described (46). In this model, excess Bcl-6
represses its direct target PrdmI when levels of IL-2 are limiting,
allowing the switch-on of Tth-like genes, including CXCR5,
BTLA, and IL-6Ra. Taken together with the fact that IL-2-pro-
ducing T cells are lost during chronic HIV/SIV infection and our
finding of the presence of IL-6R on macaque Tth cells, chronic
exposure to IL-6 and the limited IL-2 production from CD4* T
cells which characterize SIV and HIV infections may both contrib-
ute to the relative accumulation of Tth cells during SIV infection.
In addition, a lack of the peripheral trafficking marker SIPR1 and
expansion of germinal center B cells during chronic SIV/HIV in-
fection may cause Tth cells to accumulate in tissues and escape cell
death through interactions with PD-L1, despite their low rates of
expression of Ki-67 in vivo but high spontaneous caspase-3 activ-
ity in vitro (27, 38).

How SIV infects PD-1"¢" CD127"" Tth cells remains an open
question. We found that PD-1"8" CD127"% Tth cells did not ex-
press significant levels of any of the best-described coreceptors for
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SIV, namely, CCR5, CXCR6/Bonzo, or GPR15/BOB (29). Human
Tth cells have been shown to express CXCR4 (23), and we did find
expression of CXCR4 on PD-1"8" CD127'°" Tth cells, as expected
(data not shown). CXCR4 acts as the major alternate coreceptor
for HIV-1, but it is generally found that SIV strains and in partic-
ular STVmac239 and SIVmac251 rarely use CXCR4 for entry (29).
Furthermore, CXCR5 usage has not been found for HIV-1 isolates
from PBMCs (47) or for SIVmac251 (48), although it was re-
ported for 2 strains of HIV-2 (48). Despite rare usage of either
CXCR5 or CXCR4 by SIV, macaque Tth cells have never been
specifically studied before. Therefore, further studies are required
to clarify the coreceptor usage governing entry of SIV into Tth
cells.

Alternatively, Tth cells may be derived from activated CD4" T
cells in paracortical areas of lymphoid tissue and pass through an
intermediate differentiation step (1, 2), where they may be suscep-
tible to infection with SIV, prior to fully differentiating and mi-
grating into B cell follicles. Our SIV envelope sequencing data
seem to favor this hypothesis. Interestingly, preliminary data sug-
gest that a proportion of PD-1m°! CD127"" cells can upregulate
surface PD-1 to alevel comparable to that in Tth cells upon in vitro
TCR stimulation (data not shown), which suggests that Tth cells
may arise from these PD-1™°¢ CD127'" cells, which highly ex-
press CCR5. Whether or not Tfh precursors are infected and con-
tinue to differentiate into PD-1"8" CD127"" Tth cells is a very
important issue to be addressed. Further studies are still required
to clarify the exact steps of the cellular pathway of Tth cell differ-
entiation (1, 2), in particular whether or not Tth cells differentiate
directly from activated naive CD4™ T cells or via other lineages
(1,2).

It remains important to investigate possible infection of Tth
cells in human lymphoid tissue during HIV-1 infection, especially
as similar increases in Tth cell numbers in chronic HIV infection
were recently noted (38), and a very recent paper reported that Tth
cells from human lymph node biopsy specimens from HIV-posi-
tive (HIV™) subjects contain HIV-1 DNA (49). Furthermore, pu-
rified Tth cells from lymph nodes from HIV-uninfected subjects
were readily infected in vitro (49) by a CXCR4-using strain of
HIV-1, but coreceptor expression or usage was not studied. How
Tth cells may be infected in vivo during HIV-1 infection remains
unknown. These results confirm and extend previous reports of
productively infected CD4™ T cells in germinal centers (50) and
infection of germinal center CD4™ cells with proviral HIV-1 DNA
(51), but in those reports, these cells were not characterized as Tth
cells.

The recent association of vaccine protection with induced an-
tibody responses (52) and findings that multiple mutations in Ig
variable regions are required for broadly neutralizing antibodies
(8-10) imply an extremely important role for Tth cells and germi-
nal center reactions in vaccine protection. Such neutralizing anti-
body responses are relatively rare and can take months to years to
develop (6). Follicular hyperplasia and increased numbers of ger-
minal centers are characteristic of early chronic HIV-1 infection
(53) but are not found in very early primary HIV-1 infection,
suggesting that the earliest detectable antibodies, appearing within
days after the onset of symptoms (3, 4, 6), may come from extra-
follicular B cell responses (54) and that germinal center reactions
require additional time before they are initiated. Following pri-
mary HIV-1 infection, HIV-specific antibody responses continue
to evolve for months, as judged by longitudinal diagnostic West-
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ern blots (4, 5), and also, very early intervention with antiretrovi-
ral therapy during primary HIV-1 infection can result in de-
creased titers of anti-HIV-1 antibodies (55), consistent with the
protracted nature of the typical anti-HIV-1 humoral response.
Correlating Tth cell functionality with affinity maturation of anti-
HIV-1 antibodies and somatic mutation of Ig genes in individual
HIV-specific B cell clones will be a future research goal of the field.
Despite infection of human Tth cells with HIV-1, antibody
responses to HIV-1 envelope quasispecies continue to develop de
novo as the virus evolves to escape earlier antibody responses (56,
57), possibly contributing to the equilibrium of steady-state viral
loads (58). Also, whether infection of Tth cells contributes to fol-
licular abnormalities (59), B cell hyperactivity, and hypergam-
maglobulinemia (60), all of which are characteristic of chronic
HIV-1infection, is unclear. Most important is the issue of whether
direct infection of Tth cells is a major contributor to the general
paucity of high-titer anti-HIV-1-neutralizing antibodies in natu-
ral infection. An improved understanding of the impact of HIV-1
infection on cell-cell interactions and germinal center dynamics in
lymphoid tissue is likely to inform these unresolved questions.

ACKNOWLEDGMENTS

Anti-macaque CXCR5 monoclonal antibody was generously provided by
the NIH Nonhuman Primate Reagent Resource Program.

This work was supported by Australian National Health and Medical
Research (NHMRC) program grant no. 510488. The Kirby Institute is
funded by the Australian Government Department of Health and Ageing
and is affiliated with the Faculty of Medicine, The University of New
South Wales.

REFERENCES

1. King C. 2009. New insights into the differentiation and function of T
follicular helper cells. Nat. Rev. Immunol. 9:757-766.

2. Crotty S. 2011. Follicular helper CD4 T cells (TFH). Annu. Rev. Immu-
nol. 29:621-663.

3. Cooper DA, Imrie AA, Penny R. 1987. Antibody response to human
immunodeficiency virus after primary infection. J. Infect. Dis. 155:1113—
1118.

4. Tindall B, Cooper DA. 1991. Primary HIV infection: host responses and
intervention strategies. AIDS 5:1-14.

5. Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Ped-
dada L, Heldebrant C, Smith R, Conrad A, Kleinman SH, Busch MP.
2003. Dynamics of HIV viremia and antibody seroconversion in plasma
donors: implications for diagnosis and staging of primary HIV infection.
AIDS 17:1871-1879.

6. McMichael AJ, Borrow P, Tomaras GD, Goonetilleke N, Haynes BF.
2010. The immune response during acute HIV-1 infection: clues for vac-
cine development. Nat. Rev. Immunol. 10:11-23.

7. Zaunders JJ, Munier ML, Kaufmann DE, Ip S, Grey P, Smith D,
Ramacciotti T, Quan D, Finlayson R, Kaldor J, Rosenberg ES, Walker
BD, Cooper DA, Kelleher AD. 2005. Early proliferation of CCR5+
CD38+ ++ antigen-specific CD4+ Thl effector cells during primary
HIV-1 infection. Blood 106:1660-1667.

8. Scheid JF, Mouquet H, Feldhahn N, Seaman MS, Velinzon K, Pietzsch
J, Ott RG, Anthony RM, Zebroski H, Hurley A, Phogat A, Chakrabarti
B, Li Y, Connors M, Pereyra F, Walker BD, Wardemann H, Ho D,
Wryatt RT, Mascola JR, Ravetch JV, Nussenzweig MC. 2009. Broad
diversity of neutralizing antibodies isolated from memory B cells in HIV-
infected individuals. Nature 458:636—640.

9. Zhou T, Georgiev I, Wu X, Yang ZY, Dai K, Finzi A, Kwon YD, Scheid
JF, Shi W, Xu L, Yang Y, Zhu J, Nussenzweig MC, Sodroski J, Shapiro
L, Nabel GJ, Mascola JR, Kwong PD. 2010. Structural basis for broad and
potent neutralization of HIV-1 by antibody VRCO1. Science 329:811-817.

10. Zhu Z, Qin HR, Chen W, Zhao Q, Shen X, Schutte R, Wang Y, Ofek G,
Streaker E, Prabakaran P, Fouda GG, Liao HX, Owens J, Louder M,
Yang Y, Klaric KA, Moody MA, Mascola JR, Scott JK, Kwong PD,
Montefiori D, Haynes BF, Tomaras GD, Dimitrov DS. 2011. Cross-

jviasm.org 3771

1sanb Aq 6T0Z ‘GT 1890100 uo /610 wse’IAlj/:dny woly papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Xu et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

reactive HIV-1-neutralizing human monoclonal antibodies identified
from a patient with 2F5-like antibodies. J. Virol. 85:11401-11408.

Loh L, Reece JC, Fernandez CS, Alcantara S, Center R, Howard J,
Purcell DF, Balamurali M, Petravic J, Davenport MP, Kent SJ. 2009.
Complexity of the inoculum determines the rate of reversion of SIV Gag
CD8 T cell mutant virus and outcome of infection. PLoS Pathog.
5:¢1000378. doi:10.1371/journal.ppat.1000378.

Peut V, Kent SJ. 2009. Substantial envelope-specific CD8 T-cell immu-
nity fails to control SIV disease. Virology 384:21-27.

Sexton A, De Rose R, Reece JC, Alcantara S, Loh L, Moffat JM, Laurie
K, Hurt A, Doherty PC, Turner SJ, Kent SJ, Stambas J. 2009. Evaluation
of recombinant influenza virus-simian immunodeficiency virus vaccines
in macaques. J. Virol. 83:7619-7628.

National Health and Medical Research Council. 2004. Australian code of
practice for the care and use of animals for scientific purposes, 7th ed.
National Health and Medical Research Council, Canberra, Australia.
Zaunders JJ, Dyer WB, Munier ML, Ip S, Liu J, Amyes E, Rawlinson W,
De Rose R, Kent §J, Sullivan JS, Cooper DA, Kelleher AD. 2006.
CD127+ CCR5+ CD38+++ CD4+ Thl effector cells are an early com-
ponent of the primary immune response to vaccinia virus and precede
development of interleukin-2+ memory CD4+ T cells. J. Virol. 80:
10151-10161.

Reynes J, Portales P, Segondy M, Baillat V, Andre P, Reant B, Avinens
0O, Couderc G, Benkirane M, Clot J, Eliaou JF, Corbeau P. 2000. CD4+
T cell surface CCR5 density as a determining factor of virus load in persons
infected with human immunodeficiency virus type 1. J. Infect. Dis. 181:
927-932.

Zaunders JJ, Ip S, Munier ML, Kaufmann DE, Suzuki K, Brereton C,
Sasson SC, Seddiki N, Koelsch K, Landay A, Grey P, Finlayson R,
Kaldor J, Rosenberg ES, Walker BD, Fazekas de St Groth B, Cooper
DA, Kelleher AD. 2006. Infection of CD127+ (interleukin-7 receptor+)
CD4+ cells and overexpression of CTLA-4 are linked to loss of antigen-
specific CD4 T cells during primary human immunodeficiency virus type
1 infection. J. Virol. 80:10162-10172.

Shehu-Xhilaga M, Kent S, Batten J, Ellis S, Van der Meulen J, O’Bryan
M, Cameron PU, Lewin SR, Hedger MP. 2007. The testis and epididymis
are productively infected by SIV and SHIV in juvenile macaques during
the post-acute stage of infection. Retrovirology 4:7. doi:10.1186/1742
-4690-4-7.

Mattapallil JJ, Douek DC, Hill B, Nishimura Y, Martin M, Roederer M.
2005. Massive infection and loss of memory CD4+ T cells in multiple
tissues during acute SIV infection. Nature 434:1093-1097.

Sirois M, Robitaille L, Allary R, Shah M, Woelk CH, Estaquier J,
Corbeil J. 2011. TRAF6 and IRF7 control HIV replication in macro-
phages. PLoS One 6:€28125. doi:10.1371/journal.pone.0028125.
Leutenegger CM, Higgins J, Matthews TB, Tarantal AF, Luciw PA,
Pedersen NC, North TW. 2001. Real-time TagMan PCR as a specific and
more sensitive alternative to the branched-chain DNA assay for quantita-
tion of simian immunodeficiency virus RNA. AIDS Res. Hum. Retrovi-
ruses 17:243-251.

Kent SJ, De Rose R, Mokhonov VV, Mokhonova EI, Fernandez CS,
Alcantara S, Rollman E, Mason RD, Loh L, Peut V, Reece JC, Wang X]J,
Wilson KM, Suhrbier A, Khromykh A. 2008. Evaluation of recombinant
Kunjin replicon SIV vaccines for protective efficacy in macaques. Virology
374:528-534.

Yu D, Batten M, Mackay CR, King C. 2009. Lineage specification and
heterogeneity of T follicular helper cells. Curr. Opin. Immunol. 21:619—
625.

Haynes NM, Allen CD, Lesley R, Ansel KM, Killeen N, Cyster JG. 2007.
Role of CXCR5 and CCR?7 in follicular Th cell positioning and appearance
of a programmed cell death gene-1high germinal center-associated sub-
population. J. Immunol. 179:5099-5108.

Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM,
Shlomchik MJ. 2010. PD-1 regulates germinal center B cell survival and
the formation and affinity of long-lived plasma cells. Nat. Immunol. 11:
535-542.

Lim HW, Kim CH. 2007. Loss of IL-7 receptor alpha on CD4+ T cells
defines terminally differentiated B cell-helping effector T cells in a B cell-
rich lymphoid tissue. J. Immunol. 179:7448—-7456.

Petrovas C, Yamamoto T, Gerner MY, Boswell KL, Wloka K, Smith EC,
Ambrozak DR, Sandler NG, Timmer KJ, Sun X, Pan L, Poholek A, Rao
SS, Brenchley JM, Alam SM, Tomaras GD, Roederer M, Douek DC,

3772 jviasm.org

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Seder RA, Germain RN, Haddad EK, Koup RA. 2012. CD4 T follicular
helper cell dynamics during SIV infection. J. Clin. Invest. 122:3281-3294.
Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch
TD, Wang YH, Dong C. 2009. Bcl6 mediates the development of T
follicular helper cells. Science 325:1001-1005.

Peden KWC, Farber JM. 2000. Coreceptors for human immunodefi-
ciency virus and simian immunodeficiency virus. Adv. Pharmacol. 48:
409-478.

Pohlmann S, Davis C, Meister S, Leslie GJ, Otto C, Reeves JD, Puffer
BA, Papkalla A, Krumbiegel M, Marzi A, Lorenz S, Munch J, Doms
RW, Kirchhoff F. 2004. Amino acid 324 in the simian immunodeficiency
virus SIVmac V3 loop can confer CD4 independence and modulate the
interaction with CCR5 and alternative coreceptors. J. Virol. 78:3223—
3232.

Ma CS, Suryani S, Avery DT, Chan A, Nanan R, Santner-Nanan B,
Deenick EK, Tangye SG. 2009. Early commitment of naive human
CD4(+) T cells to the T follicular helper (TFH) cell lineage is induced by
IL-12. Immunol. Cell Biol. 87:590—600.

Chakrabarti L, Cumont MC, Montagnier L, Hurtrel B. 1994. Variable
course of primary simian immunodeficiency virus infection in lymph
nodes: relation to disease progression. J. Virol. 68:6634—6643.

Hirsch VM, Santra S, Goldstein S, Plishka R, Buckler-White A, Seth A,
Ourmanov I, Brown CR, Engle R, Montefiori D, Glowczwskie J, Kun-
stman K, Wolinsky S, Letvin NL. 2004. Immune failure in the absence of
profound CD4+ T-lymphocyte depletion in simian immunodeficiency
virus-infected rapid progressor macaques. J. Virol. 78:275-284.
Monceaux V, Estaquier J, Fevrier M, Cumont MC, Riviere Y, Aubertin
AM, Ameisen JC, Hurtrel B. 2003. Extensive apoptosis in lymphoid
organs during primary SIV infection predicts rapid progression towards
AIDS. AIDS 17:1585-1596.

Klatt NR, Vinton CL, Lynch RM, Canary LA, Ho J, Darrah PA, Estes
JD, Seder RA, Moir SL, Brenchley JM. 2011. SIV infection of rhesus
macaques results in dysfunctional T- and B-cell responses to neo and
recall Leishmania major vaccination. Blood 118:5803-5812.

Herman AE, Freeman GJ, Mathis D, Benoist C. 2004. CD4+CD25+ T
regulatory cells dependent on ICOS promote regulation of effector cells in
the prediabetic lesion. J. Exp. Med. 199:1479-1489.

Hong JJ, Amancha PK, Rogers K, Ansari AA, Villinger F. 2012. Spatial
alterations between CD4+ T follicular helper, B,and CD8+ T cells during
simian immunodeficiency virus infection: T/B cell homeostasis, activa-
tion, and potential mechanism for viral escape. J. Immunol. 188:3247—
3256.

Lindqvist M, van Lunzen ], Soghoian DZ, Kuhl BD, Ranasinghe S,
Kranias G, Flanders MD, Cutler S, Yudanin N, Muller MI, Davis I,
Farber D, Hartjen P, Haag F, Alter G, Wiesch JS, Streeck H. 2012.
Expansion of HIV-specific T follicular helper cells in chronic HIV infec-
tion. J. Clin. Invest. 122:3271-3280.

Cumont MC, Diop O, Vaslin B, Elbim C, Viollet L, Monceaux V, Lay
S, Silvestri G, Le Grand R, Muller-Trutwin M, Hurtrel B, Estaquier J.
2008. Early divergence in lymphoid tissue apoptosis between pathogenic
and nonpathogenic simian immunodeficiency virus infections of nonhu-
man primates. J. Virol. 82:1175-1184.

Brenchley JM, Vinton C, Tabb B, Hao XP, Connick E, Paiardini M,
Lifson JD, Silvestri G, Estes JD. 2012. Differential infection patterns of
CD4+ T cells and lymphoid tissue viral burden distinguish progressive
and nonprogressive lentiviral infections. Blood 120:4172—-4181.

Haase AT. 1999. Population biology of HIV-1 infection: viral and CD4+
T cell demographics and dynamics in lymphatic tissues. Annu. Rev. Im-
munol. 17:625-656.

Fahey LM, Wilson EB, Elsaesser H, Fistonich CD, McGavern DB,
Brooks DG. 2011. Viral persistence redirects CD4 T cell differentiation
toward T follicular helper cells. J. Exp. Med. 208:987-999.

Harker JA, Lewis GM, Mack L, Zuniga EI. 2011. Late interleukin-6
escalates T follicular helper cell responses and controls a chronic viral
infection. Science 334:825—829.

Zou W, Lackner AA, Simon M, Durand-Gasselin I, Galanaud P, Des-
rosiers RC, Emilie D. 1997. Early cytokine and chemokine gene expres-
sion in lymph nodes of macaques infected with simian immunodeficiency
virus is predictive of disease outcome and vaccine efficacy. J. Virol. 71:
1227-1236.

Campillo-Gimenez L, Cumont MC, Fay M, Kared H, Monceaux V,
Diop O, Muller-Trutwin M, Hurtrel B, Levy Y, Zaunders J, Dy M,
Leite-de-Moraes MC, Elbim C, Estaquier J. 2010. AIDS progression is

Journal of Virology

1sanb Aq 6T0Z ‘GT 1890100 uo /610 wse’IAlj/:dny woly papeojumoq


http://dx.doi.org/10.1371/journal.ppat.1000378
http://dx.doi.org/10.1186/1742-4690-4-7
http://dx.doi.org/10.1186/1742-4690-4-7
http://dx.doi.org/10.1371/journal.pone.0028125
http://jvi.asm.org
http://jvi.asm.org/

46.

47.

48.

49.

50.

51.

52.

associated with the emergence of IL-17-producing cells early after simian
immunodeficiency virus infection. J. Immunol. 184:984-992.

QOestreich KJ, Mohn SE, Weinmann AS. 2012. Molecular mechanisms
that control the expression and activity of Bcl-6 in T(H)1 cells to regulate
flexibility with a T(FH)-like gene profile. Nat. Immunol. 13:405-411.
Shimizu N, Tanaka A, Oue A, Mori T, Ohtsuki T, Apichartpiyakul C,
Uchiumi H, Nojima Y, Hoshino H. 2009. Broad usage spectrum of G
protein-coupled receptors as coreceptors by primary isolates of HIV.
AIDS 23:761-769.

Kanbe K, Shimizu N, Soda Y, Takagishi K, Hoshino H. 1999. A CXC
chemokine receptor, CXCR5/BLR1, is a novel and specific coreceptor for
human immunodeficiency virus type 2. Virology 265:264—273.

Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad
EK, De Leval L, Graziosi C, Pantaleo G. 2013. Follicular helper T cells
serve as the major CD4 T cell compartment for HIV-1 infection, replica-
tion, and production. J. Exp. Med. 210:143-153.

Hufert FT, van Lunzen J, Janossy G, Bertram S, Schmitz J, Haller O,
Racz P, von Laer D. 1997. Germinal centre CD4+ T cells are an impor-
tant site of HIV replication in vivo. AIDS 11:849-857.

Gratton S, Cheynier R, Dumaurier MJ, Oksenhendler E, Wain-Hobson
S. 2000. Highly restricted spread of HIV-1 and multiply infected cells
within splenic germinal centers. Proc. Natl. Acad. Sci. U. S. A. 97:14566—
14571.

Rerks-Ngarm §, Pitisuttithum P, Nitayaphan S, Kaewkungwal J, Chiu J,
Paris R, Premsri N, Namwat C, de Souza M, Adams E, Benenson M,
Gurunathan S, Tartaglia J, McNeil JG, Francis DP, Stablein D, Birx DL,
Chunsuttiwat S, Khamboonruang C, Thongcharoen P, Robb ML, Mi-
chael NL, Kunasol P, Kim JH. 2009. Vaccination with ALVAC and
AIDSVAX to prevent HIV-1 infection in Thailand. N. Engl. J. Med. 361:
2209-2220.

April 2013 Volume 87 Number 7

53.

54.

55.

56.

57.

58.

59.

60.

T Follicular Helper Cells in SIV Infection

Racz P, Tenner-Racz K, van Vloten F, Schmidt H, Dietrich M, Gluck-
man JC, Letvin NL, Janossy G. 1990. Lymphatic tissue changes in AIDS
and other retrovirus infections: tools and insights. Lymphology 23:85-91.
McHeyzer-Williams M, Okitsu S, Wang N, McHeyzer-Williams L.
2012. Molecular programming of B cell memory. Nat. Rev. Immunol.
12:24-34.

Zaunders JJ, Cunningham PH, Kelleher AD, Kaufmann GR, Jaramillo
AB, Wright R, Smith D, Grey P, Vizzard J, Carr A, Cooper DA. 1999.
Potent antiretroviral therapy of primary human immunodeficiency virus
type 1 (HIV-1) infection: partial normalization of T lymphocyte subsets
and limited reduction of HIV-1 DNA despite clearance of plasma viremia.
J. Infect. Dis. 180:320-329.

Richman DD, Wrin T, Little SJ, Petropoulos CJ. 2003. Rapid evolution
of the neutralizing antibody response to HIV type 1 infection. Proc. Natl.
Acad. Sci. U. S. A. 100:4144—4149.

Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, Salazar-Gonzalez
JF, Salazar MG, Kilby JM, Saag MS, Komarova NL, Nowak MA, Hahn
BH, Kwong PD, Shaw GM. 2003. Antibody neutralization and escape by
HIV-1. Nature 422:307-312.

Igarashi T, Brown C, Azadegan A, Haigwood N, Dimitrov D, Martin
MA, Shibata R. 1999. Human immunodeficiency virus type 1 neutralizing
antibodies accelerate clearance of cell-free virions from blood plasma. Nat.
Med. 5:211-216.

Schacker TW, Nguyen PL, Martinez E, Reilly C, Gatell JM, Horban A,
Bakowska E, Berzins B, van Leeuwen R, Wolinsky S, Haase AT, Murphy
RL. 2002. Persistent abnormalities in lymphoid tissues of human immu-
nodeficiency virus-infected patients successfully treated with highly active
antiretroviral therapy. J. Infect. Dis. 186:1092—1097.

Moir S, Fauci AS. 2009. B cells in HIV infection and disease. Nat. Rev.
Immunol. 9:235-245.

jviasm.org 3773

1sanb Aq 6T0Z ‘GT 1890100 uo /610 wse’IAlj/:dny woly papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

