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ABSTRACT

HIV patients beginning antiretroviral therapy (ART) with advanced immunodeficiency often retain low
CD4" T-cell counts despite virological control. We examined proliferative responses and upregulation
of costimulatory molecules following anti-CD3 stimulation, in HIV patients with persistent CD4" T-
cell deficiency on ART. Aviraemic HIV patients with nadir CD4* T-cell counts <100 cells/pl who had
received ART for a median time of 7 (range 1-11) years were categorized into those achieving low
(<350 cells/pL; n=13) or normal (>500 cells/uL; n=20) CD4" T-cell counts. Ten healthy controls were
also recruited. CD4" T-cell proliferation (Ki67) and upregulation of costimulatory molecules (CD27
and CD28) after anti-CD3 stimulation were assessed by flow cytometry. Results were related to
proportions of CD4* T-cells expressing markers of T-cell senescence (CD57), activation (HLA-DR)
and apoptotic potential (Fas). Expression of CD27 and/or CD28 on uncultured CD4* T-cells was
similar in patients with normal CD4" T-cell counts and healthy controls, but lower in patients with low
CD4* T-cell counts. Proportions of CD4* T-cells expressing CD27 and/or CD28 correlated inversely
with CD4" T-cell expression of CD57, HLA-DR and Fas. After anti-CD3 stimulation, induction of
CD27"CD28" expression was independent of CD4* T-cell counts, but lower in HIV patients than in
healthy controls. Induction of CD27"CD28" expression correlated with induction of Ki67 expression
in total, naive and CD31" naive CD4" T-cells from patients. In HIV patients responding to ART,
impaired induction of CD27 and CD28 on CD4" T-cells after stimulation with anti-CD3 is associated

with poor proliferative responses, as well as greater CD4™ T-cell activation and immunosenescence.
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INTRODUCTION

Despite control of HIV replication following treatment with effective antiretroviral therapy (ART),
many patients fail to normalize CD4" T-cell numbers. Approximately 40% of patients commencing
therapy with fewer than 200 CD4" T-cells/uL have less than 500 CD4" T cells/ul after 10 years on
ART 1. This scenario is associated with a higher rate of mortality and morbidity 2, which includes

atherosclerotic vascular disease #, osteoporosis and fractures ° and non-AlDS-defining cancers ¢

Persistent CD4* T cell deficiency may reflect damage to the thymus that impairs its regeneration %1%,
persistent immune activation *2 3, fibrosis of lymphoid tissue '* *° and/or failure to regenerate T-cells
via peripheral homeostatic mechanisms. The latter of these may result from a reduced capacity of naive
T-cells to proliferate following stimulation 6. Homeostatic maintenance of naive T-cells is regulated by
interleukin (IL)-7 and/or T-cell receptor (TCR) ligation 1 '8 We have shown that defects of 1L-7
signaling in HIV patients with persistent CD4* T-cell deficiency despite effective ART are associated
with CD4" T-cell activation and senescence °. Similarly, the capacity for naive T-cells to proliferate
following TCR engagement may also be impaired in treated HIV disease 223, This may reflect poor
signaling downstream of the TCR and its associated costimulatory molecules, CD27 and CD28. Indeed,
HIV infection (regardless of treatment status) is characterized by aberrant expression of CD27 and

CD28 on T-cells %,

CD27 and CD28 act in concert with the TCR to support T-cell expansion 2. CD27 provides
costimulatory signals for naive CD4" T-cells, and expression is transiently increased on the cell surface
following TCR stimulation . This is important in antigen-specific memory T-cell formation 2 and T-
cell survival after activation 2*. CD28 promotes assembly of the T-cell signaling complex and amplifies
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signals received by the TCR, thereby decreasing the threshold required for T-cell expansion 2. CD28
signaling also promotes IL-2 production, enhancing cell cycle activity and the survival of activated T-

cells %,

Here, we investigate whether defects in anti-CD3 mediated stimulation of proliferation and regulation
of CD27 and CD28 expression associate with poor CD4* T-cell recovery in HIV patients responding to
ART. This is assessed here in total, naive and CD31" naive CD4" T-cells, with expression of CD31 on
naive CD4* T-cells marking recent thymic emigrants 2°. Our findings associate a failure to upregulate
CD27 and CD28 after anti-CD3 stimulation with poor proliferative responses following anti-CD3
stimulation in total, naive and CD31" naive CD4" T-cells, and show that this is not related to the

recovery of CD4" T-cells after long-term ART.

MATERIALS AND METHODS

Study population

Thirty-nine adult HIV-1-infected patients (2 females, 37 males), attending clinics at Royal Perth
Hospital, Western Australia, participated in the study. All patients were receiving ART, defined as
treatment with at least three antiretroviral drugs. Criteria for inclusion were nadir CD4" T-cell counts
<100/uL, ART for >12 months and undetectable plasma HIV RNA for >6 months. Patients were
categorized as having normal (n=20) or low (n=13) CD4" T-cell counts based on values >500 or <350
CDA4" T-cells/uL, respectively. For correlations between the parameters measured, additional patients
(6 males) with intermediate CD4" T-cell counts (350-500 CD4* T-cells/uL) were included for all

correlations. The healthy control cohort comprised 10 adults (4 females, 6 males) aged 22 to 54 years.
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Informed consent was obtained from all participants and the study was approved by the Human

Research Ethics Committees of Royal Perth Hospital and the University of Western Australia.

HIV-1 RNA viral load
Plasma HIV RNA levels were assayed by quantitative reverse transcription polymerase chain reaction
(Amplicor™ Version 1.5, Ultrasensitive Protocol, 50-75000 copies/mL) (Roche Diagnostic Systems,

Branchburg, New Jersey, USA).

T-cell phenotyping

Total, naive and memory CD4" and CD8* T-cells were enumerated in EDTA-treated whole blood using
the following fluorescently conjugated monoclonal antibodies (mAbs); CD45-APC-H7, CD3-PerCP,
CD4-APC, CD8-PeCy7, CD45RA-FITC and CD62L-PE (BD Biosciences, San-Jose, California, USA).
Peripheral blood mononuclear cells (PBMC) were separated from lithium heparin-treated whole blood
by Ficoll-Paque density centrifugation and cryopreserved in 10% dimethylsulphoxide/90% heat
inactivated fetal calf serum. To assess CD27 and CD28 expression, thawed PBMC were incubated with
CD3-Vv450, CD4-V500, CD45RA-APC-H7, CD27-PerCP-Cy5.5, CD28-PE and CD31-FITC for 15
minutes at room temperature. For assessment of immunosenescence molecules, EDTA-treated whole
blood was incubated with CD4-PerCP-Cy5.5, CD8-APC-Cy7, CD57-FITC, HLA-DR-APC and Fas-PE
(BD Biosciences) for 20 minutes, followed by 1mL FACSIlyse (BD Biosciences) for a further 15
minutes. Analyses were performed using a FACS Canto Il cytometer (BD Biosciences) at Royal Perth
Hospital. Lymphocytes were distinguished by their forward and side light scatter and in subsequent
gates, total CD4" T-cells were identified as CD3'CD4*, naive CD4" T-cells as

CD3"CD4"CD45RA'CD27* and recent thymic emigrants as CD3"CD4"CD45RA'CD27*CD31". A



minimum of 100 000 lymphocyte events per sample were analyzed using FlowJo software (Tree Star,

Ashland, Oregon, USA).

Proliferation assay (Ki67 expression)

Thawed PBMC were cultured at 10° cells/mL in RPMI1/10% FCS, with or without 10ng/mL anti-CD3
antibody (Mabtech, Nacka Strand, Stockholm SE, Sweden) at 37°C for 5 days. Cells were then surface
stained with the following fluorescently conjugated mAbs from BD Biosciences: CD3-V450, CD4-
V500, CD45RA-APC-H7, CD27-PerCP-Cy5.5, CD28-APC and CD31-PE. Intracellular staining using
Ki67-FITC was then performed using the Human FoxP3 Buffer Set (BD Biosciences) according to the

manufacturer’s protocol.

Statistical analysis

Statistical analyses were performed with GraphPad Prism version 5.01 (GraphPad Software, San
Diego, California, USA), using non-parametric statistics. Mann-Whitney tests were performed for
continuous variables and correlation coefficients were determined by the Spearman’s rank correlation
test. Fisher’s exact tests were performed for categorical analyses. For all tests, p<0.05 was considered

to represent a significant difference.

RESULTS

Patient groups were well matched
Demographic data are presented in Table 1. The duration of ART was longer in patients with normal

CD4" T-cell counts (p=0.003), however time on ART did not correlate with proportions of total or



naive CD4" T-cells in an analysis that combined both patient groups (r=0.23-0.24, p=0.14-0.17).
Furthermore, 5 years after study entry, all participants originally classified as having CD4" T-cell
deficiency had <340 CD4* T-cells/uL after a median time of 12 (range 5-17) years on ART. Hence, our
definition of poor recovery of CD4" T-cell numbers was independent of time on ART in this group of

patients.

Proliferation assessed in viable T-cells did not differentiate HIV patients with low or normal CD4* T-
cell counts

CD4* T-cell proliferation induced by anti-CD3 was assessed by subtracting the percentages of CD4" T-
cells expressing Ki67 in unstimulated cultures (background proliferation) from the percentages seen
after stimulation (AKi67). Background proliferation was negligible, with Ki67 expression detected at
rates of less than 5% in 90% of individuals. Low lymphocyte viability (absent lymphocyte population
on flow cytometry plots; Figure 1) precluded analysis of data from some patients. This was more
common in patients with low CD4* T-cell counts than patients with normal CD4* T-cell counts (54%
vs 5%; Fisher’s exact test, p=0.003), but could not be ascribed to any of the characteristics described in
Table 1. When analyses were restricted to samples with good cell viability (distinct lymphocyte
populations after 5 days of culture; n=25), AKi67 values were similar in total CD4" T-cells from
patients with low or normal CD4" T-cell counts (p=0.45) and healthy controls (p=0.15 and p=0.44,
respectively; Figure 2). Moreover, AKi67 values for total, naive and CD31" naive CD4" T-cells did not
correlate with numbers of circulating total, naive or CD31" naive CD4" T-cells, respectively (data not

shown).

As proliferative responses to IL-7 have also been investigated in this cohort of HIV patients *°, we
compared Ki67 expression in response to anti-CD3 or IL-7. AKi67 values generated by stimulation
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with anti-CD3 or IL-7 were correlated in total, naive and CD31* naive CD4" T-cells [(r=0.35, p=0.08),
(r=0.58, p=0.0004) and (r=0.62, p=0.0002), respectively]. Thus, patients with a diminished response to

IL-7 also responded poorly to anti-CD3 stimulation.

Low CD4" T-cell counts were associated with decreased proportions of CD4" T-cells expressing
CD27 and CD28

Proportions of CD4" T-cells expressing CD27, CD28 or both markers at baseline (day 0, unstimulated)
were lower in patients with low CD4" T-cell counts than patients with normal CD4" T-cell counts
(p=0.007, p=0.03 and p=0.0009, respectively) or healthy controls (p=0.003, p=0.03 and p=0.003,
respectively). Proportions were similar in patients with normal CD4* T-cell counts and healthy controls
(Table 2). The proportions of CD4" T-cells expressing CD27 or coexpressing CD27/CD28 at day 0
correlated with CD4* T-cell counts in HIV patients [(r=0.55, p=0.001) and (r=0.54, p=0.001),
respectively], but not with anti-CD3 induced CD4" T-cell proliferation [(r=-0.01, p=0.11) and (r=0.30,

p=0.91), respectively].

Upregulation of CD27 and CD28 following anti-CD3 stimulation correlates with CD4* T-cell
proliferation

Surface expression of CD27 and CD28 on healthy T-cells increases following TCR activation 2% 25 30,
To investigate whether poor CD4" T-cell recovery in HIV patients is associated with impaired
upregulation of these costimulatory molecules following anti-CD3 stimulation, we assessed the
proportion of CD27"CD28" CD4* T-cells present after stimulation with anti-CD3 for 5 days (Figure

3A).



In samples with viable lymphocytes (low CD4* T-cells, n=6; normal CD4" T-cells, n=19), the
proportion of CD4* T-cells that upregulated expression of CD27 and CD28 to a CD27"CD28"
phenotype after anti-CD3 stimulation did not differ between HIV patients with low or normal CD4" T-
cell counts (p=0.48), but were lower in both patient groups compared to healthy controls (p=0.008 and
p=0.007, respectively) (Figure 4A). In a combined analysis of all patients following stimulation with
anti-CD3, induction of CD27"CD28" expression on total, naive and CD31* naive CD4* T-cells
correlated with AKi67 in total (r=0.56, p=0.002; Figure 4B), naive (r=0.46, p=0.02; Figure 4C) and
CD31" naive (r=0.41, p=0.03; Figure 4D) CD4" T-cells, respectively. In healthy controls, induction of
CD27"CD28" expression on total, naive and CD31* naive CD4* T-cells also correlated with AKi67 in
total (r=0.57, p=0.09; Figure 4E), naive (r=0.67, p=0.04; Figure 4F) and CD31" naive (r=0.65, p=0.04;

Figure 4G) CD4" T-cells, respectively.

Ki67 expression induced by anti-CD3 was greater in CD27"CD28" cells than CD27"°CD28" cells
from HIV patients and healthy controls

We next compared Ki67 expression (frequency distribution histograms) in CD27'°CD28" and
CD27"CD28" cells after culture with anti-CD3. The populations are illustrated in Figure 3B. In total,
naive and CD31" naive CD4" T-cells, Ki67 expression was greater in cells expressing high levels of

CD27 and CD28 (Figure 3C-E). This was observed in both HIV patients and healthy controls.

Baseline expression and upregulation of CD27 and/or CD28 expression after anti-CD3 stimulation
correlate inversely with CD4* T-cell senescence
Finally, we examined the relationship between CD27 and CD28 expression on CD4" T-cells and

markers of CD4" T-cell activation, senescence and apoptotic potential. As previously demonstrated in



this cohort % 31, patients with low CD4* T-cell counts had higher expression of HLA-DR (p=0.0002),

CD57 (p=0.02) and Fas (p=0.01) on total CD4"* T-cells than patients with normal CD4" T-cell counts.

The proportions of CD4" T-cells expressing CD27, CD28 and CD27/CD28 at baseline correlated
inversely with expression of CD57, HLA-DR and Fas on total CD4" T-cells [r= -0.47-(-0.72),
p<0.0001-0.01] (Table 3). Similarly, an inverse correlation was evident between the proportion of
CD4* T-cells that upregulated expression to CD27"CD28" after anti-CD3 stimulation and expression

of CD57 on CD4" T-cells (r=-0.39, p=0.04) (Table 3).

DISCUSSION

Here, we compared CD4* T-cell proliferation and expression of CD27 and CD28 in response to anti-
CD3 stimulation, in HIV patients receiving effective ART categorized as having either low or normal
CD4* T-cell counts, and healthy controls. The levels of proliferation induced by anti-CD3 were similar
in all groups, suggesting that CD4" T-cells from patients with low CD4" T-cell counts are not defective
in their capacity to proliferate. Our ability to detect differences in proliferation across groups may have
been impeded by the small number of patients with viable cells, particularly in the low CD4* T cell
group. However, similar findings were observed in this same cohort of HIV patients when proliferative
responses to 1L-7 were assessed!® suggesting that what distinguishes this group of patients with low
CD4" T cell counts is that their CD4" T cells are more prone to apoptosis in culture. In contrast, other
studies found that Ki67 expression was induced less efficiently among naive CD4* T-cells in HIV
patients compared to controls 2* 2, However, unlike our study, those studies were performed on
combined cohorts of treated and untreated HIV patients, with varying viral loads, so the stage of HIV
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disease (i.e. detectable viraemia) may be a critical factor in those findings. We did however observe a
direct correlation between proliferative responses to anti-CD3 or IL-7. Thus, patients with a diminished

response to IL-7 also responded poorly to anti-CD3.

CD27 and CD28 are important costimulatory molecules required for T-cell responses following TCR
engagement. CD27" T-cells have a higher proliferative capacity after HIV-specific stimulation
compared to CD27" T-cells, and signaling through CD27 results in increased IL-2 production and
reduced apoptosis 2. Moreover, the percentage of CD27 and CD28 expressing CD4" T-cells correlated
positively with CD4" T-cell counts and negatively with viral load in a combined cohort of treated and
untreated HIV patients 2. Similarly, we show that patients with low CD4* T-cell counts had lower
baseline proportions of CD4" T-cells expressing CD27 and/or CD28 than patients with normal CD4" T-
cell counts and healthy controls. Accordingly, positive relationships were seen between CD4" T-cell
counts and both CD27 expression and CD27/CD28 coexpression. Although no correlations between
baseline expression of CD27 and/or CD28 with anti-CD3 induced proliferation were observed, low cell
viability after 5 days of culture precluded the analysis of proliferation in some individuals. This was
more common amongst patients with persistent CD4* T-cell deficiency, where the lowest levels of
CD27 and CD28 expression on CD4 T-cells was also observed. As CD27 and CD28 signaling can

promote the survival of T-cells following TCR activation 2> 28, these two observations may be linked.

Following stimulation with anti-CD3, a subset of CD4" T-cells upregulates expression of CD27 and
CD28 to form a CD27"CD28" population. Therefore, we assessed the proportion of
CD4"CD27CD28" T-cells that increased expression of CD27 and CD28 above background levels
(CD27"CD28" CD4* T-cells). Others have shown that naive CD4* T-cells from healthy donors

upregulate expression of CD27 and CD28 after TCR activation, whereas in a combined cohort of both
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treated and untreated HIV patients, an impairment in CD27"CD28" induction was evident, suggesting
a possible mechanism for the naive T-cell expansion failure seen in HIV disease 2°. Here, similar
proportions of CD27M"CD28"cells were induced in the total CD4" T-cell population from patients with
low or normal CD4" T-cell counts. Low cell numbers precluded groupwise comparisons of
CD27"CD28" expression on naive and CD31* naive CD4* T-cells. However the inclusion of patients
with intermediate CD4" T-cell counts established positive associations between proportions of cells

with increased CD27M"CD28" expression and AKi67 in total, naive and CD31* naive CD4* T-cells.

As cell cycle progression may parallel the induction of the CD27"CD28" population, we analyzed
Ki67 expression within the CD27'°CD28"° and CD27"CD28" subsets (Figure 3). Within total, naive and
CD31* naive CD4* subsets, we found greater Ki67 expression in cells with the CD27"CD28"
phenotype after anti-CD3 stimulation, when compared to CD27'°CD28" cells from HIV patients or
healthy controls. Hence, cells capable of upregulating CD27/CD28 have the greatest proliferative
capacity. In a similar study combining treated and untreated HIV patients, after two days of anti-CD3
stimulation, cells that increased expression of CD27/CD28 were enriched for Ki67*, whereas Ki67 was
rarely expressed in cells that did not increase CD27/CD28 expression 2°. Moreover, addition of soluble
anti-CD28 to cultures (with anti-CD3) increased cell cycle entry, even in cells that were only able to
weakly upregulate costimulatory molecule expression 2°. Hence, the authors suggest that agents capable
of increasing CD27 and CD28 expression on T-cells, or the use of costimulatory agonists, may

potentially be useful adjuvants in HIV disease 2°.

Persistent CD4" T-cell deficiency in HIV patients receiving ART has been linked to chronic activation
of the immune system % 3L 34 We observed inverse correlations between CD27 and/or CD28

expression at baseline and markers of T-cell activation, senescence and pro-apoptotic potential.
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Yonkers et al. examined hepatitis C virus (HCV)-infected patients with reduced naive CD4" T-cell
numbers, and found associations between increased activation and impaired CD27 upregulation, or
increased susceptibly to cell death after TCR stimulation *°. Additionally in our cohort, impaired
homeostatic IL-7/IL-7 receptor signaling was associated with activation and senescence of CD4* T-
cells . Accordingly, Bazdar and colleagues reported that IL-7 enhances Ki67 responses to TCR
activation in naive CD4" T-cells from healthy controls and HIV patients 6. Therefore, an inability to

respond to IL-7 may contribute to poor TCR mediated signaling

The clearest limitation to our study is the low number of patients with CD4" T-cell deficiency on ART
whose cells remained viable after culture. Furthermore as a viability dye was not included, we can not
exclude the possibility that non-viable cells were included in the analysis. These results would also
need to be validated using purified naive T-cells, as stimulation is likely to modulate expression of
CD27 and CD28 and induce differentiation of some naive T cells into memory cells. Particular
strengths of our study were the focus on patients with a nadir CD4* T-cell count below 100 cells/pL, as
low nadir CD4" T-cell counts are a strong predictor of poor immune reconstitution on ART 37, and
our definition of CD4" T cell deficiency (<350 cells/uL) and normal CD4* T-cell counts (>500

cells/pL), as these values predict mortality 8.

In conclusion, our results show decreased expression of CD27 and CD28 on CD4" T-cells in HIV
patients with deficient CD4" T-cell recovery on ART in association with increased markers of T cells
activation and senescence. Furthermore, impaired upregulation of these costimulatory molecules in
response to anti-CD3 stimulation was observed in all HIV patients, regardless of immune recovery
status and this deficiency was associated with poor proliferative responses to anti-CD3 stimulation and

increased markers of T-cell activation and senescence. Therefore, a failure to upregulate CD27 and
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CD28 after TCR engagement may contribute towards the perturbations in naive T-cell homeostasis that

persist in some HIV patients on ART.

14



ACKNOWLEDGEMENTS

We gratefully acknowledge all study participants who donated blood. This work was supported by the
National Health and Medical Research Council of Australia (program grant 510448). Sonia Fernandez
is supported by the Raine Medical Research Foundation, Western Australia. The authors certify that

they do not have a commercial or other association that might pose a conflict of interest.

Requests for reprints
Dr Sonia Fernandez, School of Pathology and Laboratory Medicine, University of Western Australia,

Level 2, MRF Building, Rear 50 Murray Street, Perth 6000, Australia; Telephone: +61892240223; E-

mail: sonia.fernandez@uwa.edu.au

15



REFERENCES

1. Kelley CF, Kitchen CM, Hunt PW, et al. Incomplete peripheral CD4+ cell count restoration in
HIV-infected patients receiving long-term antiretroviral treatment. Clin Infect Dis. Mar 15

2009;48(6):787-794.

2. Helleberg M, Kronborg G, Larsen CS, et al. CD4 decline is associated with increased risk of
cardiovascular disease, cancer, and death in virally suppressed patients with HIV. Clin Infect

Dis. Jul 2013;57(2):314-321.

3. Lin W, Haribhai D, Relland LM, et al. Regulatory T cell development in the absence of

functional Foxp3. Nat Immunol. Apr 2007;8(4):359-368.

4. van Lelyveld SF, Gras L, Kesselring A, et al. Long-term complications in patients with poor
immunological recovery despite virological successful HAART in Dutch ATHENA cohort.

AIDS. Feb 20 2012;26(4):465-474.

5. Yong MK, Elliott JH, Woolley 1J, Hoy JF. Low CD4 count is associated with an increased risk
of fragility fracture in HIV-infected patients. J Acquir Immune Defic Syndr. Jul 1

2011;57(3):205-210.

16



Calabresi A, Ferraresi A, Festa A, et al. Incidence of AIDS-defining cancers and virus-related
and non-virus-related non-AIDS-defining cancers among HIV-infected patients compared with
the general population in a large health district of northern Italy, 1999-2009. HIV Med. Apr 7

2013.

Helleberg M, Kronborg G, Larsen CS, et al. CD4 Decline Is Associated With Increased Risk of
Cardiovascular Disease, Cancer, and Death in Virally Suppressed Patients With HIV. Clin

Infect Dis. May 6 2013.

Monforte A, Abrams D, Pradier C, et al. HIV-induced immunodeficiency and mortality from

AIDS-defining and non-AlIDS-defining malignancies. AIDS. Oct 18 2008;22(16):2143-2153.

Fernandez S, Nolan RC, Price P, et al. Thymic function in severely immunodeficient HIV type
1-infected patients receiving stable and effective antiretroviral therapy. AIDS Res Hum

Retroviruses. Feb 2006;22(2):163-170.

17



10.

11.

12.

13.

14.

Li T, Wu N, Dai Y, et al. Reduced thymic output is a major mechanism of immune
reconstitution failure in HIV-infected patients after long-term antiretroviral therapy. Clin Infect

Dis. Nov 2011;53(9):944-951.

Teixeira L, Valdez H, McCune JM, et al. Poor CD4 T cell restoration after suppression of HIV-

1 replication may reflect lower thymic function. AIDS. Sep 28 2001;15(14):1749-1756.

Benito JM, Lopez M, Lozano S, et al. Differential upregulation of CD38 on different T-cell
subsets may influence the ability to reconstitute CD4+ T cells under successful highly active

antiretroviral therapy. J Acquir Immune Defic Syndr. Apr 1 2005;38(4):373-381.

Lederman MM, Connick E, Landay A, et al. Immunologic responses associated with 12 weeks
of combination antiretroviral therapy consisting of zidovudine, lamivudine, and ritonavir:

results of AIDS Clinical Trials Group Protocol 315. J Infect Dis. Jul 1998;178(1):70-79.

Zeng M, Paiardini M, Engram JC, et al. Critical role of CD4 T cells in maintaining lymphoid
tissue structure for immune cell homeostasis and reconstitution. Blood. Aug 30

2012;120(9):1856-1867.

18



15.

16.

17.

18.

19.

Zeng M, Southern PJ, Reilly CS, et al. Lymphoid tissue damage in HIV-1 infection depletes
naive T cells and limits T cell reconstitution after antiretroviral therapy. PLoS Pathog. Jan

2012;8(1):61002437.

Bazdar DA, Sieg SF. Interleukin-7 enhances proliferation responses to T-cell receptor
stimulation in naive CD4+ T cells from human immunodeficiency virus-infected persons. J

Virol. Nov 2007;81(22):12670-12674.

Seddon B, Zamoyska R. TCR and IL-7 receptor signals can operate independently or synergize
to promote lymphopenia-induced expansion of naive T cells. J Immunol. Oct 1

2002;169(7):3752-3759.

Sprent J, Surh CD. Cytokines and T cell homeostasis. Immunol Lett. Jan 22 2003;85(2):145-

149.

Tanaskovic S, Fernandez S, Price P, French MA. Interleukin-7 signalling defects in naive CD4+
T cells of HIV patients with CD4+ T-cell deficiency on antiretroviral therapy are associated

with T-cell activation and senescence. AIDS. Mar 27 2014;28(6):821-830.

19



20.

21.

22.

23.

24,

Luciano AA, Lederman MM, Valentin-Torres A, Bazdar DA, Sieg SF. Impaired induction of
CD27 and CD28 predicts naive CD4 T cell proliferation defects in HIV disease. J Immunol. Sep

15 2007;179(6):3543-3549.

Sieg SF, Bazdar DA, Lederman MM. Impaired TCR-mediated induction of Ki67 by naive
CD4+ T cells is only occasionally corrected by exogenous IL-2 in HIV-1 infection. J Immunol.

Nov 15 2003;171(10):5208-5214.

Sieg SF, Harding CV, Lederman MM. HIV-1 infection impairs cell cycle progression of
CD4(+) T cells without affecting early activation responses. J Clin Invest. Sep

2001;108(5):757-764.

Sieg SF, Mitchem JB, Bazdar DA, Lederman MM. Close link between CD4+ and CD8+ T cell
proliferation defects in patients with human immunodeficiency virus disease and relationship to

extended periods of CD4+ lymphopenia. J Infect Dis. May 15 2002;185(10):1401-1416.

Hendriks J, Xiao Y, Borst J. CD27 promotes survival of activated T cells and complements
CD28 in generation and establishment of the effector T cell pool. J Exp Med. Nov 3

2003;198(9):1369-1380.

20



25.

26.

27.

28.

29.

van Lier RA, Borst J, Vroom TM, et al. Tissue distribution and biochemical and functional
properties of Tp55 (CD27), a novel T cell differentiation antigen. J Immunol. Sep 1

1987:139(5):1589-1596.

Hendriks J, Gravestein LA, Tesselaar K, van Lier RA, Schumacher TN, Borst J. CD27 is
required for generation and long-term maintenance of T cell immunity. Nat Immunol. Nov

2000;1(5):433-440.

Viola A, Schroeder S, Sakakibara Y, Lanzavecchia A. T lymphocyte costimulation mediated by

reorganization of membrane microdomains. Science. Jan 29 1999;283(5402):680-682.

Noel PJ, Boise LH, Green JM, Thompson CB. CD28 costimulation prevents cell death during

primary T cell activation. J Immunol. Jul 15 1996;157(2):636-642.

Kimmig S, Przybylski GK, Schmidt CA, et al. Two subsets of naive T helper cells with distinct
T cell receptor excision circle content in human adult peripheral blood. J Exp Med. Mar 18

2002;195(6):789-794.

21



30.

31.

32.

33.

34.

Yonkers NL, Sieg S, Rodriguez B, Anthony DD. Reduced naive CD4 T cell numbers and
impaired induction of CD27 in response to T cell receptor stimulation reflect a state of immune

activation in chronic hepatitis C virus infection. J Infect Dis. Mar 1 2011;203(5):635-645.

Fernandez S, Price P, McKinnon EJ, Nolan RC, French MA. Low CD4+ T-cell counts in HIV
patients receiving effective antiretroviral therapy are associated with CD4+ T-cell activation
and senescence but not with lower effector memory T-cell function. Clin Immunol. Aug

2006;120(2):163-170.

Ochsenbein AF, Riddell SR, Brown M, et al. CD27 expression promotes long-term survival of
functional effector-memory CD8+ cytotoxic T lymphocytes in HIV-infected patients. J Exp

Med. Dec 6 2004;200(11):1407-1417.

Mojumdar K, Vajpayee M, Chauhan NK, Singh A, Singh R, Kurapati S. Altered T cell
differentiation associated with loss of CD27 and CD28 in HIV infected Indian individuals.

Cytometry B Clin Cytom. Jan 2012;82(1):43-53.

Lederman MM, Calabrese L, Funderburg NT, et al. Immunologic failure despite suppressive
antiretroviral therapy is related to activation and turnover of memory CD4 cells. J Infect Dis.

Oct 15 2011;204(8):1217-1226.

22



35.

36.

37.

38.

Florence E, Lundgren J, Dreezen C, et al. Factors associated with a reduced CD4 lymphocyte
count response to HAART despite full viral suppression in the EuroSIDA study. HIV Med. Jul

2003:4(3):255-262.

Kaufmann GR, Perrin L, Pantaleo G, et al. CD4 T-lymphocyte recovery in individuals with
advanced HIV-1 infection receiving potent antiretroviral therapy for 4 years: the Swiss HIV

Cohort Study. Arch Intern Med. Oct 13 2003;163(18):2187-2195.

Moore RD, Keruly JC. CD4+ cell count 6 years after commencement of highly active
antiretroviral therapy in persons with sustained virologic suppression. Clin Infect Dis. Feb 1

2007;44(3):441-446.

Rodger AJ, Lodwick R, Schechter M, et al. Mortality in well controlled HIV in the continuous
antiretroviral therapy arms of the SMART and ESPRIT trials compared with the general

population. AIDS. Mar 27 2013;27(6):973-979.

23



Low CD4" T-cell count

Normal CD4* T-cell count

Unstimulated (day 0)

x rolsd o 20 o

Unstimulated (day 5)

anti-CD3 Ab stimulated (day 5)

AR

o 200 260K o

200K

Figure 1

50

40-

AKi67 CD4" T-cells (%)

A,
AA

A
AysAd
T

Low CD4" Normal CD4"

Controls

Figure 2

unstimulated

anti-CD3 stimulated

32%

5 o
" 7 Ly / o 10t 10 1ot 107
67—
1044 10t Ki6?
\U]* mz-
) s ] 5%
- 10 10
a w]
o
m‘f m‘—
]
i
Y R T R AT 10! w
CD28 B
o 10f 10° 10 10°
Ki67  ———p
Cc D E
- B fiis = . 2x N
£
§’ 60 < §, 40
2 5 H
% g g a0
g« £ g
H H 3 2
o= 5 &
g € g w
0 0-
cozr® 2 ooz’ opzt oz ooz oozt oozt cozr  coz' ooz opert
CcD28° cp28" cD2g* cD2g™ CD28° co2g” cD28* cD2e™ cD28* cp28" CcD2g* cD2g™
CD4' T-cells Naive CD4' T-cells CD31' Naive CD4' T-cells

Figure 3




<

8 H &
3 3|
T 9
Uog |
te & s
5| 2 F
8 % i
Fa e
a
Q
e 2
&
=
]
Le € w
T4
.
|
o
(%) sll9o-L #QO LA U1 _| (%) SI185-1 ,$Q0 3Ly Ul
/8209,,4202 4o UoINpU| 48203,£200 Jo UoRaNpU|
s EIl
5 =
& &
o9 2 sle
i 8 Bre
P - S
[ T
ts =
5 e
°
H
ts 5
Nz
=
g 0
Le 3

8 8 8 R
o w
< (W) SlierL ya eneN u « (%) SI%0-L QD anteN u
8202,,£2a2 J0 uonanpu| 200,,L200 JO UoIINPU.
2 2
seesds z £
8 . EIN ts
g 5
s = g
3 28 3
< = ”
£ 28 N
s 5] re
z ~ ~
&
5 x
. .3 o & le
. . 2 2
3
3
5
8 8 8 ®§ 8 8 § 8 8 8 8 R®
(%) siie2-L .¥Q0 Ul 4] w
8202...2090 Jo uononpu| «  (@)sieo-L yaou « (SiIPo-L paoul

8202,,£20D Jo uononpu|

18209,£2QD 0 uopanpu|

BKi67 RTE CD4" T-cells (%) —»

AKiB7 Naive CD4” T-cells

AKiB7 CD4” T-cells (%)

Figure 4



FIGURE CAPTIONS

Figure 1. Representative forward and side light scatter profiles of cryopreserved PBMC
from two treated HIV patients with low or normal CD4" T-cell counts. Cells were thawed and
stained immediately or incubated for 5 days with or without 10ng/mL of anti-CD3. Low lymphocyte
viability (evidenced by absence of a defined lymphocyte population on flow cytometry plots) precluded
analysis of 5 day cultures from several patients. This was more common in patients with low rather

than normal CD4" T-cell counts (54% vs 5%; Fisher’s exact test, p=0.003).

Figure 2. Anti-CD3 mediated proliferation of CD4* T-cells (measured by Ki67 expression) in
HIV patients and healthy controls. Induction of Ki67 expression in CD4" T-cells following anti-CD3
stimulation for 5 days was similar in samples from patients with low (e) and normal (A) CD4" T-cell
counts and healthy controls (¢). AKi67 represents the increase in the frequency of CD4* T-cells that

expressed Ki67 5 days post-stimulation with anti-CD3, over cells incubated in medium alone.

Figure 3. Upregulation of CD27 and CD28 expression on CD4* T-cells following stimulation
with anti-CD3 for 5 days. Cells incubated in medium alone were used to establish the background
level of costimulatory molecule expression (CD27CD28 double positives) so the proportion of cells
that increased CD27/CD28 expression above this level could be calculated (A). Ki67 expression was
analyzed (frequency distribution histograms) in the CD27'°CD28" and CD27"CD28" subsets.
Representative results are shown for a HIV patient (B). Induction of Ki67 5 days post stimulation with

anti-CD3 was greater in CD27MCD28" cells than CD27'°CD28' cells in HIV patients (®) and healthy

controls (+) in total (C; p<0.0001 and p<0.0001), naive (D; p<0.0001 and p=0.001) and CD31" naive

CDA4" subsets (E; p<0.0001 and p=0.008). *p<0.05, **p<0.005, ***p<0.0005



Figure 4. Upregulation of CD27 and CD28 expression after anti-CD3 stimulation correlated
with proliferation (measured by Ki67 expression). The AKi67 represents the increase in the
percentages of cells that expressed Ki67 after stimulation with anti-CD3 for 5 days, over cells
incubated in medium alone. The proportion of CD4" T-cells that upregulated expression of CD27 and
CD28 to a CD27"CD28" phenotype after anti-CD3 stimulation was similar in HIV patients with low or
normal CD4" T-cell counts (p=0.48), but lower in both patient groups compared to healthy controls
(p=0.008 and p=0.007, respectively) (A). Following stimulation with anti-CD3, upregulation of CD27
and CD28 expression on total, naive and CD31" naive CD4* T-cells correlated with AKi67 in total (B;
r=0.56, p=0.002), naive (C; r=0.46, p=0.02) and CD31" naive (D; r=0.41, p=0.03) CD4"* T-cells in HIV
patients. After stimulation with anti-CD3, upregulation of CD27 and CD28 expression on total, naive
and CD31" naive CD4* T-cells marginally correlated with AKi67 in total CD4" T-cells (E; r=0.57,
p=0.09), and positively associated with naive (F; r=0.67, p=0.04) and CD31" naive (G; r=0.65, p=0.04)

CD4* T-cells in healthy controls.



Table 1.

Characteristics of the patient groups

Low Normal Intermediate
CD4" T-cells CD4" T-cells CD4" T-cells ob
(n=13) (n=20) (n=6)

Age (years) 55 (36-65)* 47 (34-66) 52 (33-69) 0.09¢
Male : Female 12:1 19:1 6:0 1.0¢
Nadir CD4" T-cells/pL 22 (6-80) 17 (0-88) 5 (20-45) 0.15
Months on ART 52 (12-125) 112 (39-134) 93 (46-137) 0.003
Months with HIV RNA <50 copies/mL 33 (8-99) 73 (6-131) 65 (20-77) 0.02
Current CD4* T-cells/uL blood 209 (75-324) 713 (504-1295) 404 (378-476) <0.0001
Current CD8* T-cells/pL blood 732 (205-1472) 958 (437-1628) 1390 (406-3234) 0.03
Naive CD4" T-cells/uL blood 26 (5-127) 145 (25-364) 44 (26-85) <0.0001
Naive CD8* T-cells/uL blood 139 (10-413) 282 (25-448) 108 (32-476) 0.008
CD31* naive CD4* T cells (% CD4* T cells) 13 (0.3-30) 27 (5-40) 22 (5-25) 0.003

2 median (range), ® comparing patients with low and normal CD4* T-cells, ¢p values obtained by Mann-Whitney test unless otherwise

indicated, ¢p values obtained by Fisher’s exact test



Table 2.

counts on ART

Baseline expression of CD27 and/or CD28 on CD4" T-cells is reduced in HIV patients with low CD4" T-cell

Lowp(\ZD4+ Normfi CD4* Heejthy Interr:ediate AvsB AvsC BvsC
T-cells T-cells controls CD4" T-cells pvalue pvalue pvalue
(n=13) (n=20) (n=10) (n=6)
CD4*CD27* T-cells (%) 71 (20-92)* 89 (73-96) 91 (78-95) 74 (65-93)° 0.0007°  0.003 0.26
CD4*CD28" T-cells (%) 93 (30-99) 98 (86-100) 99 (87-100) 88 (78-99) 0.03 0.03 0.33
CD4*CD27*CD28"* T-cells (%) 71 (21-92) 87 (71-95) 91 (78-95) 74 (65-93) 0.0009  0.003 0.19

amedian (range), ® p values obtained by Mann-Whitney test, ¢ values presented for patients with intermediate CD4* T-cells (column D)
did not differ significantly from those of any other cohort (columns A, B and C),
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