No linkages between distributional and functional diversities of NK cells in different immune organs with the sizes of intracellular SIV DNA and RNA in regional resting CD4+ T cells in chronically SIVmac239-infected, treatment-naïve rhesus macaques
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Abbreviation

NK (natural killer); ADCC (antibody-dependent cellular cytotoxicity); LNs (lymph nodes); ART (antiretroviral therapy); PaLNs (pararectal/paracolonic lymph nodes); ALNs (axillary lymph nodes); PBMCs (peripheral blood mononuclear cells); usRNA (unspliced mRNA); PD-1 (programmed death 1); HIV (human immunodeficiency virus); SIV (simian immunodeficiency virus)

Abstract

Natural killer (NK) cells play an important role in the control and even eradication of viral infections. Accumulated studies have shown that NK cells may clear HIV-1-infected cells through natural cytotoxicity or antibody-dependent cellular cytotoxicity (ADCC) ex vivo or in vitro. However, NK cell-directed HIV therapeutic strategies still remain elusive. In the present study, we verified that intracellular HIV DNA load in reactivated HLADR-CD4+ T cells could be significantly inhibited by soluble factors produced by activated NK cells in vitro. Furthermore, bulk NK cells and the cytotoxic CD16+CD56- subset in peripheral blood exhibited higher frequency, cytotoxic potentials, and IFN-γ-producing capacity than that in spleen and LNs. No discrepancies of intracellular SIV DNA or RNA level in resting CD4+ T cells were found among blood, spleen and LNs. Specially, no associations were found between distributional, functional and phenotypic diversities of NK cells and the sizes of intracellular SIV DNA or RNA in regional resting CD4+ T cells in peripheral blood, spleen and LNs. The only difference is that the ratios of SIV DNA/RNA among different organs were positively correlated with NK frequencies in lymphocytes. These results indicated that NK cells may play an inhibitory role on re-activation of latent SIV DNA, while fail to influence the long-term cumulative size of SIV latent DNA or RNA in regional lymphocytes in vivo. Our study suggests NK cell-directed treatment options aiming at HIV clearance still facing big challenges.  
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Introduction
The persistence of quiescent, replication-competent HIV provirus within a long-live population of resting T cells is the key obstacle for functional cure of HIV infection. HIV-1 persists in resting CD4+ T cells, which are characterized by silence in provirus transcription and negative expression of surface HLA-Ⅱ molecules, and therefore escapes from treatment of antiretroviral therapy (ART) and even surveillance of adaptive immune responses 
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[1, 2]
. In acute phase of SIVmac infection, viral reservoirs are seeded rapidly in peripheral blood and lymph nodes (LNs), even before occurrence of systemic viremia 
 ADDIN EN.CITE 

[3]
. 

As the pivotal effector cells in innate immune system, sustained natural killer (NK) cell functions are associated with improved disease prognosis in patients and macaques chronically infected with HIV-1 and SIV, respectively 
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[4-7]
. On the other hand, SIV infection also results in functional impairment of NK cell-mediated immunity, such as a decreased ability to secrete IFN-γ and TNF-α. Signs of exhaustion and functional anergy were emerged on NK cells in SIV-infected macaques with rapid disease progression and high viral load. Recently, accumulated studies have shown that NK cells may clear HIV-1-infected cells through NK-mediated natural cytotoxicity or antibody-dependent cellular cytotoxicity (ADCC). NK cell-directed HIV therapeutic strategies are being discussed frequently among the scientific community and still remained challenging. All approaches targeting eradication HIV/SIV infection should aim at not only latent HIV/SIV DNA in lymphocytes of peripheral blood, but also latently infected lymphocytes located in secondary lymphoid tissues. 
Considering diversified distribution and immune characteristics of infiltrating NK cells in different lymphoid organs, we hypothesized that NK cell-mediated immune responses may influence, at least in part, the maintenance of intracellular SIV DNA in vivo. The size of latent SIV DNA in resting CD4+ T cells of blood and different secondary immune tissues may present heterogeneity, and this heterogeneity may link to diverse distributional, phenotypic and functional profiles of NK cells. In the present study, we explored their possible linkages using a chronically SIVmac239-infected treatment-naive rhesus macaque models.   
Methods

Virus stock, animals and sample collection

Five Chinese Rhesus macaques were used in this study and tested negative for SRV, STLV, SIV, monkey B virus, and TB. The animals were inoculated intrarectally with 1 ml of viral suspension containing 103 TCID50 of SIVmac239 (a generous gift from P.A. Marx in 1994), as shown in Table S1. EDTA-anticoagulated blood samples were collected regularly to measure CD4+/CD8+ T cell counts (Fig. S1) and SIV viral load (Fig. S2). All macaques were euthanized with barbiturate overdose at 748-day post infection. Subsequently, a complete necropsy was performed and blood, spleen, pararectal/paracolonic lymph nodes (PaLNs) and axillary lymph nodes (ALNs) were collected by staff veterinary pathologists. Additionally, five healthy macaques were used as negative controls and only peripheral blood were harvested for peripheral blood mononuclear cells (PBMCs) preparation. All macaques were cared in facilities accredited by the Association for assessment and accreditation of laboratory animal care (AAALAC) in the Institute of laboratory animal science, Chinese academy of medical sciences (ILAS, CAMS), and used under the guidance of an animal laboratory protocol approved by the Institutional animal care and use committee and in compliance with animal care procedures.
Cellular HIV DNA assay 

HIV-1 DNA was extracted from peripheral blood containing approximately 0.25 million PBMCs using Qiagen QIA symphony DNA Mini Kits (Qiagen, Valencia, CA). Total HIV-1 DNA was quantified with SUPBIO HIV-1 Quantitative Detection Kit (SupBio, Guangzhou, China), a fluorescent-based real-time polymerase chain reaction (PCR) testing. The limit of quantification ranged from 20 copies to 5×106 copies per 106 cells.
Cellular HIV unspliced mRNA assay
HIV-1 unspliced mRNA (usRNA) was obtained by using the HiPure Total RNA Plus Mini Kit (Magen, Guangzhou, China) according to the manufacturer's protocol. The SUPBIO HIV-1 usRNA Quantitative PCR Kit (SUBIO) was used for quantization of HIV-1 usRNA with two rounds of PCR amplification according to the manufacturer’s instructions. HIV usRNA was quantified by a standard curve, and the number of cells used in usRNA quantification was based on the number of cells quantified by DNA. The sensitivities of the quantitative PCR assays were 20 copies per 106 cells.

Isolation of human resting CD4+ T cells and NK cells 

The EasySep Human CD4+ T cell enrichment Kit (Stem Cell Technologies, Vancouver, BC, Canada) was used to isolate CD4+ T cells with negative selection strategy. Isolated CD4+ T cells were stained with anti-HLADR PE and sorted for resting HLADR- CD4+ T cells with BD FACS Aria III cell sorter. NK cells from PBMCs were purified with Human NK cell isolation kit (Miltenyi Biotec, Auburn, CA). Only cells with purity > 95% were used in the subsequent experiments. 
Transwell culture experiment
Purified resting CD4+ T cells from 4 chronic HIV-infected, treatment naïve patients were seeded in 96-well plate (1×105cells/well) and cultured with supernatant of activated NK cells in the presence or absence of anti-IFN-γ Ab (1μg/ml, clone NIB42, eBioScience, San Diego, CA) or IFN-γ (PeproTech Inc., Rocky Hill, NJ). To evaluate the effect or soluble factors on viral reservoir and transcription, resting CD4+ T cells were cultured in transwell plate with activated NK cells (1×105cells/well) in the presence or absence of anti-IFN-γ Ab (1μg/ml, clone NIB42). Phorbolmyristate acetate (PMA, 100 ng/ml) and ionomycin (1 μg/ml) (Sigma-Aldrich, St. Louis, MO) were used to activate NK cells where indicated.
Surface staining of simian NK cells by flow cytometry

PBMCs or single-cell suspension from spleen and LNs were stained with the following monoclonal antibodies (Abs) for NK cell phenotypic characterization: anti-CD3 V450 (clone SP342, BD Biosciences), anti-CD8APC-Cy7 (clone RPA-T8, BD Biosciences), anti-NKG2A PE (clone Z199, Beckman coulter), anti-CD16 FITC (clone 3G8, BD Biosciences), anti-CD56 PE-Cy5 (clone B159, BD Biosciences), anti-NKp46 Alexa Fluor 700 (29A1.4, BD Biosciences), anti-NKp44PerCP-eFluor 710 (clone 44.189, eBioscience), anti-NKG2D APC (clone 1D11, BD Biosciences), anti-NKG2C PerCP (clone #134591, R&D), anti-PD-1 PE-eFluor 610 (clone eBioJ105, eBioscience) and anti-Tim-3 Alexa Fluor 700 (clone #344823, R&D). After staining, cells were detected using a BD LSR Fortessa (BD Biosciences). Data were analyzed using FlowJo 10 version software (Treestar Inc., Ashland, OR, USA).  
Simian NK cells stimulation assay
Function of NK cells were evaluated by three different stimuli: PMA plus ionomycin, K562 cells and CD16 cross-linking. Briefly, PBMCs were stimulated with with PMA (25 ng/ml, Sigma-Aldrich) and ionomycin (1 mg/ml, Santa Cruz Biotechnology, Santa Cruz, CA), or K562 cells at E: T ratio of 10:1 or medium alone. Brefeldin-A (10 μg/ml, Sigma-Aldrich), GolgiStop (5 μg/ml, BD Biosciences) and anti-CD107a PE-Cy5 (clone H4A3, BD Biosciences) were added immediately to cell medium and incubated for 6 hours. Cells were fixed by 2% PFA and stained with anti-CD3 V450 (clone SP342, BD Biosciences), anti-CD8APC-Cy7 (clone RPA-T8, BD Biosciences), anti-NKG2A PE (clone Z199, Beckman coulter) and anti-IFNγ Alexa Fluor 700 (clone B27, BD Biosciences). For CD16 cross-linking, 1×106 PBMCs or single-cell suspension from spleen were stimulated with 10 μg/ml of purified anti-CD16 antibody (clone 3G8, Santz Cruz biotechnology) or mouse IgG1(κ) (clone X40, BD Biosciences) isotype control for 30 min on ice. Cells were washed to remove unbound antibody and incubated with 10 μg/ml of goat anti-mouse IgG1F(ab’)2 for 5 hours (Santa Cruz biotechnology) at 37˚C. Cells were then washed and stained with anti-CD3 V450 (clone SP342, BD Biosciences), anti-CD8 APC-Cy7 (clone RPA-T8, BD Biosciences), anti-NKG2A PE (clone Z199, Beckman coulter), anti-IFN-γ Alexa Fluor 700 (clone B27, BD Biosciences) and anti-CD107a PE-Cy5 (clone H4A3, BD Biosciences) and fixed by 2% paraformaldehyde (PFA). All data were acquired on BD LSR Fortessa (BD Biosciences) and analyzed by FlowJo 10 version software (Tree Star Inc., Ashland, OR, USA).

Simian resting CD4+ T cells sorting
PBMCs were stained with anti-CD3 V450 (clone SP342, BD Biosciences), anti-CD8 APC-Cy7 (clone RPA-T8, BD Biosciences), anti-CD4 PE (clone RPA-T4, BD Biosciences) and anti-HLADR PerCP (clone L243, BD Biosciences). CD3+CD4+CD8-HLADR- T cells were sorted by BD FACS Aria III (BD Biosciences) and only cells with purity > 95% were used in subsequent experiments. 
Plasma SIV viral RNA and proviral SIV DNA assays

Total viral RNA from plasma was extracted using the Trizol reagent (Ambion, Austin, TX). Plasma SIV viral load was determined by 208-bp segment of the SIVmac239 gag gene by real-time RT-PCR using SYBR Green Ⅰ Master Mix (Roche, Indianapolis, IN, USA) and detected using a LightCycler 480 Ⅱ Real-time PCR Detection System (Roche). The following oligonucletides were used for real-time RT-PCR: forward primer, 5’ GTA ACT ATGTCCACCTGC CAT TA 3’; reverse primers, 5’ CAG CCTCCTCGTTTATGATGT 3’. The RT reaction was carried out by incubation for 15 min at 37℃ and 30 min at 50℃, followed by 45 cycles at 94℃ for 15 s, 56℃ for 20 s, and 72℃ for 30 s. Standard curves were generated by amplifying serial dilutions of a reference SIV gag (GI: 530752666). Copy numbers were calculated by interpolation onto the standard curve with the Lightcycler software, version 3.5 
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[8]
.
Tissue samples from spleen and LNs were treated into single-cell suspensions. Quantitation of tissue-specific proviral DNA has been described previously 
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[3, 9, 10]
 and were performed with100-200 ng sample DNA.

Cellular SIV RNA assay
Total cellular RNA was prepared from 1×106 cells using Trizol reagent (Invitrogen) according to the manufacturer’s instructions, followed by cDNA synthesis using random primers and a SuperScript First-Strand Synthesis System (Invitrogen). The methodology of Taqman real-time PCR for cellular SIV RNA assay was similar to “proviral DNA assays” except SIV cDNA was used as template. 
Statistical analyses

Statistical analysis was performed by Mann-Whitney U test, Friedman test and Spearman’s rank-correlation using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA) when necessary. Two-tailed P values < 0.05 was considered significant. This study was approved by the Ethics Committees of Peking University Health Science Center. 
Results

Soluble factors, including IFN-γ, produced by activated NK cells significantly inhibited intracellular HIV DNA and usRNA levels in human resting CD4+ T cells 

Resting CD4+ T cells were isolated from four treatment-naïve HIV-1-infected patients and intracellular HIV DNA and HIV unspliced mRNA (usRNA) were quantified. As shown in Fig. 1A, supernatant from PMA/ionomycin-activated NK cells and exogenous IFN-γ significantly inhibited intracellular levels of HIV-1 DNA and HIV-1 usRNA (P < 0.01 for both). Functional anti-IFN-γ antibody could partially weaken the inhibitory effect of activated NK supernatant on levels of intracellular HIV-1 DNA and usRNA in resting CD4+ T cells (Fig. 1A). When purified NK cells were placed in the transwell insert, activated NK cells also inhibited intracellular HIV-1 DNA and usRNA levels of reactivated resting CD4+ T cells in a cell-to-cell contact-independent manner (P < 0.01, Fig. 1B). In addition, increases of intracellular HIV-1 DNA and RNA levels of reactivated resting CD4+ T cells were induced by addition of functional anti-IFN-γ antibody (P < 0.01, Fig. 1B). These data indicated that soluble factors, including IFN-γ, produced by activated NK cells could inhibit intracellular HIV DNA and usRNA levels in CD4+ T cells. 

Distributional characteristics of NK cells in peripheral blood and secondary immune organs in chronic SIVmac239-infected rhesus macaques
In human, NK cells constitute 5%~20% of lymphocytes in both peripheral blood and spleen, while only 2%~5% in LNs 
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[11-14]
. Compared to peripheral NK cells (~90%), less frequency of cytotoxic CD56+/dimCD16+ subset were found in spleen (~50%), LNs (~25%) and other secondary immune tissues 11[]
. Different from human NK cells, macaque NK cells were defined as CD3-CD8α+NKG2A+ cells and could be further divided into CD56-CD16+, CD56+CD16-, and CD56-CD16- subsets by expression of CD56 and CD16 


[15]
. Gating strategies of NK subsets in PBMC, PaLN, ALN and spleen of SIV-infected macaques were shown in Fig. 2A. Compared to uninfected animals, no significant differences were found in frequencies of NK cells and NK subsets in PBMCs of SIVmac239-infected macaques (Fig. 2B and 2C). However, the frequencies of NK cells in SIV-infected macaques were found highest in PBMC, following by spleen, and lowest in PaLNs and ALNs (P < 0.05 for PBMC vs. spleen; P < 0.01 for PBMCs vs. PaLNs/ALNs and spleen vs. PaLNs/ALNs) (Fig. 2B). In addition, the frequency of CD56-CD16+ subset (cytotoxic subset) in total NK cells was higher in PBMCs and spleen than that in PaLNs (P < 0.01) or ALNs (P < 0.01) (Fig. 2C). Frequency of CD56+CD16- subset in total NK cells was found higher in PaLNs than in PBMCs, ALNs and spleen (P < 0.01) (Fig. 2C). 
Potential capabilities of degranulation and IFN-γ production of NK cells in peripheral blood and spleen

To investigate the differences of potential cytotoxic capabilities of NK cells in peripheral blood (SIVmac239-infected vs. uninfected macaques) and spleen (PBMC vs. spleen in SIVmac239-infected macaques), the expression of CD107a (reflecting potentials of degranulation) and production of IFN-γ in lymphocytes from PBMCs and spleen, stimulating with PMA/ionomycin, K562 cells and CD16 cross-linking respectively, were detected by flow cytometry (Fig. 3A). The expression of CD107a (P < 0.01 for PMA/ionomycin and K562 groups) and IFN-γ (P < 0.01 for PMA/ionomycin group and P < 0.05 for CD16 cross-linking group) in peripheral NK cells decreased significantly in SIVmac239-infected macaques compared to uninfected macaques, indicating a functional impairment of NK cytotoxicity induced by SIVmac239 infection. Additionally, in SIVmac239-infected macaques, NK cells in spleen exhibited weaker cytotoxic potentials than peripheral NK cells of identical monkeys (CD107a: P < 0.05 for PMA/ionomycin group and CD16 cross-linking group; IFN-γ: P < 0.05 for PMA/ionomycin group and K562 group) (Fig. 3B). Unfortunately, the cytotoxicity of NK cells in PaLNs and ALNs was not evaluated due to limited NK cells isolated from these LNs. 
Levels of PD-1 and Tim-3 on NK cells in peripheral blood, PaLN, ALN and spleen in chronic SIVmac239-infected rhesus monkeys

Tim-3 and programmed death 1 (PD-1), two indicators of cell activation and/or exhaustion, were found associated with suppression of NK- and CD8+ T cell-mediated cytotoxicity 
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[16-21]
. As shown in Fig. 4A, there was nearly no expression of Tim-3 and PD-1 on NK cells of uninfected macaques. However, a proportion of PD-1+ or Tim-3+ NK cells were presented in PBMC, PaLN, ALN and spleen of SIV-infected macaques. In SIVmac239-infected macaques, the expressions of PD-1 (P < 0.01 or P < 0.05) and Tim-3 (P<0.01) on NK cells were found highest in spleen, middle in PaLNs and ALNs and lowest in PBMCs (Fig. 4B and 4C). Additionally, the cytotoxic receptors NKp46 (P<0.01) and NKG2D (P<0.01) were down-regulated on peripheral NK cells in SIV-infected macaques. While NK cells from spleen of SIV-infected monkeys contained higher percentages of NKG2C+ (P < 0.01), NKG2D+ (P < 0.01), and NKp44+ (P < 0.01) cells compared with autologous peripheral NK cells (Fig. S3). These data indicated that, compared to peripheral NK cells, NK cells from secondary lymph tissues were inclined to an over-activated/exhausted status, which may closely associate with decreased potentials of NK cell-mediated cytotoxicity.
Distributional, functional and phenotypic diversities of NK cells in blood, LNs and spleen fail to influence the sizes of intracellular SIV DNA and RNA in regional resting CD4+ T cells.

Furthermore, intracellular SIV DNA and RNA could be detected in single-cell suspension and HLADR- resting CD4+ T cells from blood, spleen, LNs in all five chronically SIVmac239-infected, treatment-naïve rhesus macaques. As shown in Fig. 5A and Table S2, no significant differences of intracellular SIV DNA or RNA levels were found among PBMCs, PaLNs, ALNs and spleen. In addition, we did not find any associations between distributional, functional and phenotypic diversities of NK cells in peripheral blood, spleen and LNs and the sizes of intracellular SIV DNA and RNA in infiltrated resting CD4+ T cells (data not shown). 

However, when ratios of intracellular SIV DNA/RNA were compared, a significantly higher DNA/RNA ratios were observed in HLADR- resting CD4+ T cells from PBMC than that from PaLNs, ALNs and spleen (P < 0.01) (Fig. 5B), indicating that SIV DNA transcription was less active in peripheral resting CD4+ T cells. In addition, a positive correlation was found between frequencies of NK cells and ratios of intracellular SIV DNA/RNA in resting CD4+ T cells (r = 0.6813, P < 0.001) (Fig. 5C). Unfortunately, we did not find other correlations between percentages of cytotoxic NK subset, functional or phenotypic indicators of NK cells and intracellular SIV DNA/RNA ratios in our study (data not shown). These results indicated that NK cells may contribute to re-activation of latent SIV DNA in vivo, but fail to influence the long-term cumulative size of SIV latent DNA or RNA in chronically SIV-infected monkeys. Our study suggests NK cell-directed treatment options aiming at HIV clearance are still obscure and challenging. 

Discussion

Besides peripheral blood, secondary lymphoid tissues, including LNs and spleen are important sites of viral replication during HIV and SIV infection 
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[22]
. Replication of HIV within lymphoid tissues continues even under antiretroviral therapy in HIV-infected individuals 
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[23]
 . Any HIV treatment strategies should inhibit or eliminate HIV-infected CD4+ T cells from peripheral blood 、LNs and other lymphoid organs. In recent years, accumulated studies have shown that NK cells may clear HIV-1-infected cells through natural cytotoxicity or ADCC ex vivo or in vitro 
 ADDIN EN.CITE 

[24, 25]
. It is suggested that the improved or modulated immune response makes it possible to optimize the therapeutic effect and enhance the protective anti-HIV immune response. However, whether NK cell-directed therapeutic strategies could work in vivo is still obscure. Considering this issue, we further used animal model of chronically SIVmac239-infected, treatment-naïve rhesus macaques, to explore the diversities of NK cells in peripheral blood, spleen, and LNs and their possible links with the sizes of intracellular SIV DNA and RNA in regional resting CD4+ T cells.
In this study, we found that NK cells were functionally impaired following SIV infection, and the potential cytotoxicity of NK cells in spleen were weaker than that in peripherals. In peripheral blood and spleen, a large portion of NK cells were cytotoxic subset while the frequency of this cytotoxic subset was found lowest in LNs. The levels of PD-1 and Tim-3 on peripheral bulk NK cells were higher in chronic SIVmac239-infected macaques than in healthy controls. And in infected macaques, NK cells from secondary lymphoid, especially in spleen, expressed higher PD-1 and Tim-3 than that from blood. As biomarkers of activation and exhaustion/anergy of lymphocytes, higher PD-1 and Tim-3 expressions on NK or T cells were usually correlated with functional impairment of these cells in viral infection. This is consistence with the observation in this study that despite sufficient cytotoxic NK cells located in spleen, exhausted phenotypic characteristics of spleen NK cells rendered them weak cytotoxic potentials. Due to the low frequencies of NK cells in PaLN and ALN (usually less than 0.5% of lymphocytes), only limited number of NK cells could be isolated and was not sufficient for evaluating NK function. However, considering their extremely low numbers, dominating non-cytotoxic subsets and exhausted phenotypes, the weaker immune pressure of LN-infiltrating NK cells may have limited effects on reactivation of SIV reservoirs and viral replication. 
Additionally, higher frequencies of NKG2C+, NKG2D+ or NKp46+NK cells were found in spleen but not in peripheral blood. We supposed that some kind of linkage probably existed between higher expressions of NKG2C/NKG2D/NKp46 and Tim-3/PD-1 on NK cells in SIV-infected rhesus macaques. However, it is a pity that no healthy simian spleen samples were available in this study. Otherwise, it should be valuable to compare expressions of NK receptors (activating or inhibitory) among NK cells from blood, spleen and LNs in uninfected monkeys. Besides, Dogra et al found that, compared to CD56dimCD16+ NK cells in blood and spleen 
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[26]
, CD56dimCD16+ NK cells in LNs express substantially higher levels of FcεRIγ whose level is a negative indicator of ADCC capacity 27[]
, suggesting that mature NK cells in LNs exhibit lower ADCC capacity compared to those in blood and spleen. Overall, our results showed that, bulk NK cells and the cytotoxic CD16+CD56- subset in peripheral blood exhibited higher frequency, cytotoxic potentials, and IFN-γ-producing capacity than that in spleen and LNs.   
According to pre-conceived results, in in vitro study, we found that the levels of intracellular HIV DNA and unspliced mRNA in reactivated resting CD4+ T cells were significantly inhibited by soluble factors secreted by mitogen-activated NK cells, and anti-IFN-γ antibody could partially recede the inhibitory effect. However, in contrary to in vitro findings, we failed to find significant differences of intracellular SIV DNA or RNA levels in total lymphocyte suspensions or purified resting CD4+ T cells from blood, spleen and LNs from long-term SIV-infected monkeys. And also, no any associations were found between distributional, functional and phenotypic diversities of NK cells and the sizes of intracellular SIV DNA or RNA in regional resting CD4+ T cells in peripheral blood, spleen and LNs. The only difference is that the ratios of SIV DNA/RNA among different organs were positively correlated with NK frequencies in lymphocytes. Three explanations may account for this phenomenon: ⅰ) Persistent SIV infection kept a balance between reactivation and refilling of SIV DNA reservoirs and resulted in a homeostasis of cellular SIV DNA among different secondary lymphoid organs and peripheral blood; ⅱ) Unlike peripheral blood structures, the anatomical distance between granular NK cells and resting CD4+ T cells is naturally difficult to approach in the spleen and LNs. Previous studies have shown different distribution of CD4+ T cells and NK cells in the secondary lymphoid organs. In the spleen, majority of NK cells were found in the red pulp and splenic follicle, whereas CD4+ T cells localized primarily in the periarterial lymphatic sheath where NK cells were absence 
 ADDIN EN.CITE 

[28]
. Germinal center of LNs is the major distribution area of NK cells and only a few NK cells were distributed diffusely in the paracortex (T cell rich) 29[]
 . Therefore, the influence of NK cells on intracellular SIV DNA or RNA of CD4+ T cells in the spleen and LNs may be limited.  ⅲ) Continuous recirculation of lymphocyte shrunks the gaps of SIV DNA levels among LNs, spleen and blood. Our current study found that the ratio of intracellular SIV DNA/RNA in peripheral resting CD4+ T cells was higher than that in PaLN, ALN and spleen in SIVmac239-infetced, treatment-naïve macaques, suggesting that SIV could replicate and refill intracellular SIV DNA more frequently in LNs and spleen than that in peripheral blood. A previous study found that virus evolution in lymphoid tissue compartments continued in patients with undetectable levels of virus in their peripheral blood
 ADDIN EN.CITE 

[30]
, indicating that a relatively higher transcriptional level of HIV-1 DNA might present in the secondary lymphatic tissues. 
Taken together, this study showed that NK cells may play an inhibitory role on re-activation of latent SIV DNA in vivo, while fail to influence the long-term cumulative size of SIV latent DNA or RNA in regional lymphocytes. Our study suggests NK cell-directed treatment options aiming at HIV clearance are still challenging. 
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Figure 1. Soluble factors produced by activated NK cell and exogenous IFN-γ inhibited the levels of intracellular HIV DNA and unspliced mRNA in resting CD4+ T cells. (A) Purified resting CD4+ T cells from four chronic HIV-infected and treatment-naïve patients were cultured with: a) RPMI1640 medium; b) 100 μl supernatant of activated NK cells; c) 100 μl supernatant of activated NK cells + anti-IFN-γ Ab (1μg/ml); d) IFN-γ. (B) Purified resting CD4+ T cells were cultured with: e) RPMI1640 medium; f) NK cells (transwell insert); g) anti-IFN-γ Ab (NIB42, 1μg/ml); h) NK cells (transwell insert) + anti-IFN-γ Ab (1μg/ml). Intracellular levels of HIV DNA and usRNA were detected and shown as mean + standard deviation. Asterisks indicated significant differences by Mann-Whitney U test (**, P<0.01). 
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Figure 2.  Distribution of simian NK cells and their subsets in peripheral blood and secondary immune organs in SIV-infected macaques. (A) Representative flow cytometric plots defining simian NK cells (CD3-CD8α+NKG2A+) in PBMCs from naïve macaques(n=5) and in PBMCs, PaLNs, ALNs and spleen from SIV-infected macaques (n=5). (B) The frequencies of NK cells in total lymphocytes from different tissues. (C) The distributional characteristics of three NK subsets (CD56-CD16+, CD56+CD16-, and DN, CD56-CD16-). Lines represented median values, boxes showed the 25th and 75th percentiles, and bars showed minimum and maximum values. Asterisks indicated significant differences by Mann-Whitney U test (*, P<0.05; **, P<0.01).  
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Figure 3. Functional activity of NK cells from simian PBMCs and spleen. (A) Lymphocytes were isolated from peripheral blood (naïve-treated and SIV-infected macaques) and spleen (SIV-infected macaques only) and were stimulated with PMA and ionomycin, K562 cells, and CD16 cross-linking, respectively. IFN-γ production and CD107a expression by NK cells were shown. (B) The frequencies of IFN-γ+ and CD107a+NK cells among bulk NK cells. Bars indicated mean + standard deviation. Asterisks indicated significant differences by Mann-Whitney U test (*, P<0.05; **, P<0.01).  
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Figure 4. Expression of PD-1 and Tim-3 on simian NK cells from naïve and SIV-infected macaques. (A) Representative cytofluorometric analysis of PD-1 and Tim-3 expression on simian NK cells. NK cells were gated according to lymphocyte forward and side scatter pattern and then CD3-CD8α+NKG2A+ cells were gated for analysis of PD-1 and Tim-3 expression. (B-C) Box-plot analysis for the frequencies of PD-1+ and Tim-3+ NK cells were shown. Lines represented median values, boxes showed the 25th and 75th percentiles, and bars showed minimum and maximum values. Asterisks indicated significant differences by Mann-Whitney U test (*, P<0.05; **, P<0.01). 
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Figure 5. Comparison of intracellular SIV DNA, RNA and DNA/RNA ratios in total single cell suspension and sorted resting CD4+ T cells from PBMC, PaLN, ALN and spleen of SIV-infected macaques. (A) Levels of SIV DNA and RNA normalizing to cell frequency (in 106cells of individual type) were indicated as mean + standard deviation. (B) Ratios of intracellular SIV DNA/RNA were compared among lymphocytes and sorted resting CD4+ T cells of PBMCs, PaLNs, ALNs and spleen. (C) A positive correlation between frequencies of NK cells and ratios of intracellular SIV DNA/RNA in resting CD4+ T cells (r=0.6813, P<0.001). Friedman test and Spearman’s rank-correlation were performed in (B) and (C) separately. Asterisks indicated significant differences by Mann-Whitney U test (**, P<0.01; ***, P<0.001). 

Supplementary data for manuscript “No linkages between distributional and functional diversities of NK cells in different immune organs with the sizes of intracellular SIV DNA and RNA in regional resting CD4+ T cells in chronically SIVmac239-infected, treatment-naïve rhesus macaques”

Table S1. The characteristics of SIV-infected Chinese rhesus macaques in this study.

	Animal No.
	Sex
	Weight (kg)
	Age (months)
	Viral stock
	Routine of inoculation
	Viral quantification
	Time of inoculation
	Time of euthanasia

	G0101R
	F
	4.15
	49
	SIVmac239
	Ir
	100 TCID50
	Jan 3, 2013
	Jan 21, 2015

	G0102R
	F
	4.25
	51
	SIVmac239
	Ir
	100 TCID50
	Jan 3, 2013
	Jan 21, 2015

	G0104R
	F
	4.55
	54
	SIVmac239
	Ir
	100 TCID50
	Jan 3, 2013
	Jan 21, 2015

	G0105R
	F
	4.8
	47
	SIVmac239
	Ir
	1000 TCID50
	Jan 3, 2013
	Jan 21, 2015

	G0106R
	F
	3.9
	55
	SIVmac239
	Ir
	1000 TCID50
	Jan 3, 2013
	Jan 21, 2015


Ir, intrarectally; SIV, simian immunodeficiency virus; TCID, tissue culture infectious dose.
Table S2. Cellular SIV DNA and RNA levels in single-cell suspension and resting CD4+ T cells from different tissues of chronic SIVmac239-infected macaquesa
	Animal No. 
	Tissue
	%CD4+
T cellsb
	%HLADR-
T cellsc
	Single-cell suspension
	
	Resting CD4+ T cells

	
	
	
	
	DNA 
	RNA 
	DNA/RNA
	
	DNA 
	RNA 
	DNA/RNA

	G0101R
	PBMC
	39.3
	91.1
	440
	310
	1.42
	
	3971
	163
	24.36

	
	PaLNd
	23.5
	92.3
	441
	287
	1.54
	
	1100
	72
	15.28

	
	ALNe
	19.4
	86.6
	1150
	455
	2.53
	
	3693
	257
	14.37

	
	Spleen
	16.3
	94.2
	850
	660
	1.29
	
	4550
	323
	14.08

	G0102R
	PBMC
	28.6
	85.7
	1554
	73
	21.29
	
	33338
	463
	72.00

	
	PaLN
	20.1
	93.4
	827
	505
	1.64
	
	2828
	216
	13.09

	
	ALN
	15.6
	88.7
	13666
	2150
	6.36
	
	14670
	2089
	7.02

	
	Spleen
	14.1
	94.1
	4908
	145
	3.84
	
	10199
	424
	24.05

	G0104R
	PBMC
	41.8
	84.9
	3040
	100
	30.40
	
	6391
	178
	35.90

	
	PaLN
	29.3
	92.1
	1295
	242
	5.35
	
	4474
	194
	23.06

	
	ALN
	35.2
	90.5
	861
	124
	6.94
	
	927
	112
	8.27

	
	Spleen
	25.1
	89.6
	1201
	81
	14.83
	
	1795
	122
	14.71

	G0105R
	PBMC
	52.9
	92.2
	2473
	860
	2.87
	
	2863
	97
	29.51

	
	PaLN
	30.1
	93.4
	4873
	632
	7.71
	
	12791
	553
	23.13

	
	ALN
	16.4
	87.6
	7824
	3237
	2.41
	
	9944
	359
	27.70

	
	Spleen
	39.0
	90.6
	1214
	1049
	1.18
	
	1689
	102
	16.56

	G0106R
	PBMC
	54.1
	93.1
	588
	81
	7.26
	
	2594
	24
	108.08

	
	PaLN
	36.5
	90.4
	2536
	463
	5.48
	
	6322
	254
	24.89

	
	ALN
	20.1
	93.2
	1404
	507
	2.75
	
	2185
	146
	14.96

	
	Spleen
	27.9
	88.7
	851
	313
	2.72
	
	1335
	68
	19.63


aall tissue values are the means for two different tissue samples. All viral load values are normalized to 1×106 cells in each sample.

bpercentage of CD3+CD4+CD8- T cells in total single-cell suspension. 

cPercentage of HLADR- cells in CD3+CD4+CD8- T cells. 

dPaLN: pararectal/paracolonic lymph node.
eALN: axillary lymph node.
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Figure S1. Dynamics of peripheral CD4+ T and CD8+ T cell counts in 5 SIV-infected Chinese Rhesus Monkey. 

Figure S2

[image: image7.jpg]Plasma SIV viral load (log1o copies/mL)

~0-GO101R
-0~ GO102R
- GO104R
--B- GO105R
- GO106R

80

100

120

;
—7

140 748 DPI




Figure S2. Dynamics of plasma SIV viral load in 5 SIV-infected Chinese Rhesus Monkey.

Figure S3
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Figure S3. Expression of NK cells receptors on simian NK cells. (A) Representative flow cytometric plots indicating expressions of NKG2C, NKG2D, NKp44 and NKp46 on simian NK cells. NK cells were gated according to lymphocyte forward and side scatter pattern and then CD3-CD8α+NKG2A+ cells were gated for analysis. (B) Box-plot analysis for the frequencies of NKG2C+, NKG2D+, NKp44+ and NKp46+NK cells. Lines represented median values for the group, boxes showed the 25th and 75th percentiles, and bars showed minimum and maximum values. Asterisks indicated significant differences by Mann-Whitney U test (*, P <0.05; **, P <0.01).  
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