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Summary

HIV-infected children are less capable of mounting and maintaining

protective humoral responses to vaccination against measles compared to

HIV-uninfected children. This poses a public health challenge in countries

with high HIV burdens. Administration of anti-retroviral therapy (ART)

and revaccinating children against measles is one approach to increase

measles immunity in HIV-infected children, yet it is not effective in all

cases. Immune anergy and activation during HIV infection are factors

that could influence responses to measles revaccination. We utilized a

flow cytometry-based approach to examine whether T cell anergy and

activation were associated with the maintenance of measles-specific

immunoglobulin (Ig)G antibodies generated in response to measles

revaccination in a cohort of HIV-infected children on ART in Nairobi,

Kenya. Children who sustained measles-specific IgG for at least 1 year

after revaccination displayed significantly lower programmed cell death 1

(PD-1) surface expression on CD81 T cells on a per-cell basis and

exhibited less activated CD41 T cells compared to those unable to

maintain detectable measles-specific antibodies. Children in both groups

were similar in age and sex, CD41 T cell frequency, duration of ART

treatment and HIV viral load at enrolment. These data suggest that

aberrant T cell anergy and activation are associated with the impaired

ability to sustain an antibody response to measles revaccination in HIV-

infected children on ART.
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Introduction

Despite increased coverage of measles vaccination pro-

grammes, measles is still a threat to many African coun-

tries. Kenya documented 2395 measles cases in 2011 and

greater than 2169 cases in 2012, despite having a high

rate of vaccination against this disease [1,2]. One possi-

ble contributing factor to this is high HIV prevalence

among adults and children [3]. HIV-infected children

are less capable of mounting and maintaining responses

to vaccination against measles than uninfected, otherwise

healthy children [4–7]. Studies in Kenya have demon-

strated that administration of anti-retroviral therapy

(ART) to HIV-infected individuals alone is not sufficient

to restore measles antibody titres [8,9].

One approach to obviate the detrimental effects HIV

exacts on measles vaccination efficacy is to revaccinate indi-

viduals after ART-elicited immune system reconstitution.

This method has shown promise in the United States, Thai-

land and Kenya, but the mechanisms underpinning whether

individuals respond durably to revaccination have not been

investigated [8,10,11]. Underlying immune system dysfunc-

tion may influence whether HIV-infected individuals mount

durable responses to revaccination. We utilized a flow

cytometry-based approach to examine whether T cell anergy

and activation associate with the ability to generate a durable

measles-specific antibody response after revaccination in a

cohort of HIV-infected children on ART in Nairobi, Kenya.

Materials and methods

Study participants and follow-up procedures

This work was nested within a larger study in which HIV-

infected children on ART were revaccinated for measles

when their CD41 T cell frequency reached at least 15% of
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total T cells (Newman 2015, in prep.). During clinic visits

at the time of revaccination, 1 month post-revaccination

and 1 year post-revaccination, serum was collected to assess

levels of measles-specific immunoglobulin (Ig)G by

enzyme-linked immunosorbent assay (ELISA) and periph-

eral blood mononuclear cells (PBMC) were collected.

In order to define immunological parameters that may

determine the ability to sustain measles-specific IgG anti-

body responses upon revaccination, we examined PBMC

from a subset of participants who were measles-seronegative

(measles-specific IgG antibody titre � 350 mIU/ml [12]) at

enrolment and developed detectable measles antibodies

1 month after revaccination. We randomly selected 10 chil-

dren who met these criteria and maintained measles anti-

bodies 1 year after revaccination (responders) and

10 children who did not exhibit detectable measles antibod-

ies 1 year after revaccination (non-responders).

Flow cytometry

The immunophenotype of T cells in PBMC was deter-

mined at baseline, 1 month and 1 year post-revaccination

in the 20 nested study participants.

For surface staining, PBMC were thawed in RPMI sup-

plemented with 10% fetal calf serum, 2 mM L-glutamine,

10 mM HEPES, 1 mM sodium pyruvate, 1 3 penicillin/

streptomycin and 5 U/ml benzonase nuclease (Novagen,

Darmstadt, Germany); �1–4 3 106 cells were then incu-

bated with monoclonal antibodies as indicated below at

4 �C in a final volume of 100 ll in a 96-well tissue cul-

ture plate. After 30 min, samples were washed and data

were acquired immediately using an LSR II (BD Bioscien-

ces, San Jose, CA, USA). Data were analysed using FlowJo

software (TreeStar Inc., Ashland, OR, USA). Doublets

were excluded before gating on live cells using forward

light-scatter and side-scatter.

Immune profiling was performed in two panels. CD41

and CD81 T cell activation was assessed using CD3 peri-

dinin chlorophyll cyanin 5�5 (PerCpCy5�5) (clone OKT3),

CD4 fluorescein isothiocyanate (FITC) (clone OKT4),

CD38 phycoerythrin (PE) (clone HB7) and human leuco-

cyte antigen D-related (HLA)-DR allophycocyanin (APC)

(clone LN3). The CD41 and CD81 T cell anergy panel

consisted of CD3 PerCpCy5.5, CD4 FITC and pro-

grammed cell death PD-1 PE (clone J105). Antibodies

were purchased from eBioscience (San Diego, CA, USA)

and used as per the manufacturer’s directions. At each

time-point (baseline, 1 month post-revaccination and

1 year post-revaccination) all samples from the responder

and non-responder groups were acquired without chang-

ing machine settings between samples.

Viral load

HIV viral load was assessed using plasma samples that were

collected at enrolment and 12 months post-revaccination,

frozen and shipped to Seattle, Washington, USA on dry ice

for measurement. HIV-1 RNA levels were measured by the

Gen-Probe HIV-1 viral load assay (Gen-Probe, San Diego,

CA, USA). This analysis was performed post hoc after group

segregation, flow cytometric analysis and measles antibody

determination.

Statistical analyses

Statistical significance was determined using a two-tailed

Student’s t-test for numerical variables or v2 analysis for

categorical variables. Graphs were generated and statistical

analyses were performed using Prism (GraphPad, San

Diego, CA, USA) or Stata version 11�1 (StatCorp, College

Station, TX, USA).

Human subjects approval

This study was approved by the Kenyatta National Hospi-

tal/University of Nairobi Ethics Review Committee and

the University of Washington Human Subjects Division.

Results

Demographic and clinical characteristics of study
participants

The demographic characteristics of the overall cohort

have been described previously [9]. Briefly, 232 children

attending routine clinic visits at the Comprehensive HIV

Care Centre at Kenyatta National Hospital in Nairobi,

Kenya were enrolled. They had an average age of 7�5 years

[interquartile range (IQR) = 5�5–9�5] and 123 (53%)

were male. All children were on ART, had been on treat-

ment for a median time of 3�4 years (IQR = 1�8–4�9) and

exhibited a median CD41 T cell percentage of 32

(IQR = 27–38).

In this ancillary study, we examined 10 children who

responded durably to measles revaccination (responders)

and 10 who did not (non-responders). One individual in

the non-responder group was omitted from analysis due

to extremely low CD41 T cell frequencies (<2�5% of all

T cells) at 1 month and 1 year post-revaccination, there-

fore the analysis of this group was confined to nine

individuals.

The age, CD41 T cell frequency, HIV viral load per ml

of blood, time on ART and sex of responders and non-

responders at enrolment, 1 month post-revaccination and

1 year post-revaccination can be found in Table 1. There

was no statistically significant difference between respond-

ers and non-responders in any of these parameters at any

time-point assayed (P > 0�05).

Individuals in both groups were seronegative for

measles-specific IgG at enrolment (Table 1). All partici-

pants generated measles-specific IgG antibodies at

1 month post-revaccination, but responders had a
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significantly higher mean serum titre [3�4 log10

(mean = 2�8–3�8)] compared to non-responders

[3�0 log10 (mean = 2�6–3�5)] (P = 0�0057). At 1 year

post-revaccination, responders had a mean measles-

specific IgG serum antibody titre of 3�0 log10

(mean = 2�6–4�0), whereas non-responders did not have

detectable measles antibodies (Table 1).

Responders and non-responders have equivalent
percentages of T cells

CD41 T cells were identified as CD31CD41 and CD81 T

cells were identified as CD31CD42 within the live cell

gate (Fig. 1a). We did not observe any difference in the

frequency of CD41 and CD81 T cells between responders

and non-responders at any of the time-points assayed

(Fig. 1b).

Responder PD-11CD81 T cells exhibit significantly
fewer PD-1 molecules on a per-cell basis compared to
non-responders 1 year post-revaccination

We used expression of PD-1 as a marker of T cell anergy.

We observed no difference in the frequency of CD41PD-

11 or CD81PD-11 T cells between responders and non-

responders at any time-point (Fig. 1c,d). However, res-

ponders exhibited a trend towards lower PD-1 expression

per CD81PD-11 T cells, as measured by mean fluores-

cence intensity (MFI) of PD-1 on CD81PD-11 T cells by

1 month post-revaccination compared to non-responders

(Fig. 1e). At 1 year post-revaccination, the CD81PD-11 T

cells of responders displayed significantly less PD-1 on a

per-cell basis compared to non-responders (average

MFI = 665 responders, 746�3 non-responders,

P = 0.0452) (Fig. 1e). We observed no difference in

CD41 T cell PD-1 MFI between responders and non-

responders at any time-points (data not shown).

Responders exhibit decreased CD41 T cell activation
compared to non-responders 1 year post-
revaccination

T cell activation was determined by tabulating the fre-

quency of CD41 and CD81 T cells that co-expressed

CD38 and HLA-DR. We found no difference in the fre-

quency of CD381HLA-DR1 CD81 T cells between res-

ponders and non-responders at any time-points assayed

(data not shown). However, responders exhibited a strong

trend towards a decrease in the percentage of activated

CD41 T cells at 1 year post-revaccination, but not at

other time-points (P = 0�0637) (Fig. 2a,b and data not

shown).

Discussion

Here, we report that durable humoral responses to mea-

sles revaccination in HIV-infected children on ART in

Nairobi, Kenya coincide with restrained CD81 T cell PD-

1 expression and CD41 T cell activation. Other groups

have demonstrated that revaccinating HIV-infected indi-

viduals for measles after initiating ART can generate last-

ing measles-specific IgG in between 65 and 85% of

individuals, but the precise immune mechanisms underly-

ing these observations have not been investigated

Table 1. Demographic and clinical characteristics of study participants

Measles-seropositive* at 1 year

post- revaccination (n = 10)

Measles-seronegative* at 1 year

post- revaccination (n = 9)

Enrolment Mean (range) or n (%) Mean (range) or n (%) P-value (v2 or t-test)

Age 9�7 (3�3–11�9) 7�7 (4�2–11�5) 0�0769

Male 8 (80%) 6 (67%) 0�4343

CD4% 33 (18–60) 29 (15-50) 0�8132

HIV viral load† 41 473 (0–155 430) 22 753 (0–226 820) 0�5575

Time on ART (years) 3�8 (0�2–7�0) 3�2 (1�3–6�0) 0�5709

Measles antibody titre (log10 mIU/ml) Seronegative Seronegative n.a.

1 month post-revaccination

CD4% 43�7 (35�3–46�0) 41�3 (26�7–49�9) 0�6546

Measles antibody titre (log10 mIU/ml) 3�4 (2�8–3�8) 3�0 (2�6–3�5) 0�0057

1 year post-revaccination

CD4% 32 (16–55) 30 (15–47) 0�4675

HIV viral load 1721 (0–15 302) 16 096 (0–49 509) 0�0813

HIV virological failure‡ 1 (10%) 3 (33%) 0�2130

Measles antibody titre (log10 mIU/ml) 3�0 (2�6–4�0) Seronegative n.a.

*Measles-seropositive refers to a measles-specific immunoglobulin (Ig)G antibody titre � 350 mIU/ml of serum. †Copies of HIV per ml of

blood. ‡Two consecutive HIV viral load measurements greater than 1000 copies per ml of blood. ART = anti-retroviral therapy; n.a. = not

available.

T cell anergy and activation in measles revaccination of HIV-infected children

VC 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 451–456 453



previously [8,10,11]. Thus, this is the first work, to our

knowledge, to outline a subset of immunological parame-

ters that may underpin a resilient response to measles

revaccination.

Measles vaccination results typically in a protective,

durable antibody response that lasts for at least several

decades in healthy individuals [13]. However, those with

HIV are less capable of generating a durable protective

measles-specific antibody titre [4–7]. The dual approach

of administering ART to ensure immune system reconsti-

tution and then revaccinating HIV-infected children

against measles is one means to diminish measles suscep-

tibility. Garnering an understanding of why some HIV-

infected individuals on ART who are revaccinated do not

Fig. 1. Responders and non-responders to

measles revaccination do not exhibit differences

in CD41 or CD81 T cell frequency but

responders have significantly diminished

programmed cell death-1 (PD-1) mean

fluorescence intensity (MFI) on CD81PD-11

CD81 T cells compared to non-responders at

1 year post-revaccination. (a) Gating strategy and

representative flow cytometry plots for

identifying CD41 and CD81 (identified as

CD31CD42) T cells in peripheral blood

mononuclear cells (PBMC). (b-d) CD81 T cells

were identified as CD31CD42. (b) Percentage of

CD41 T cells and CD81 T cells in responders

and non-responders at baseline, 1 month post-

revaccination and 1 year post-revaccination. (c)

Gating strategy and representative flow cytometry

plots for identifying PD-11CD41 and PD-

11CD81 T cells in PBMC. (d) Percentage of PD-

11CD41 T cells and PD-11CD81 T cells at

baseline, 1 month and 1 year post-revaccination.

(e) MFI of PD-1 expression on CD81PD-11 T

cells at the indicated time-points. Each dot

represents one individual. In bar graphs (b,d)

data are presented as mean 6 standard error of

the mean (s.e.m.). (b,d,e) Ten responders and

nine non-responders at each time-point. Statistics

were conducted using two-tailed Student’s t-test;

*P< 0�05.
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maintain durable measles antibodies is important if this

approach is to be utilized further in Kenya and other

countries. Here, we examined levels of T cell anergy and

activation to evaluate if these parameters were associated

with sustained measles antibody levels in response to

revaccination in HIV-infected children on ART.

T cells are important for maintaining low HIV viral

loads and generating robust antibody responses to vaccina-

tions. We observed no difference in the frequency of CD41

or CD81 T cells between responders and non-responders

throughout the duration of the study, demonstrating that

the inability of non-responders to maintain durable mea-

sles antibodies 1 year post-revaccination is not due to a

selective diminishment of either T cell subset.

In our cohort, responders exhibited significantly lower

PD-1 expression on PD-11CD81 T cells compared to

non-responders. Surface expression of PD-1 by antigen-

specific CD41 and CD81 T cells is associated with

chronic activation and anergy in some prolonged infec-

tions, such as HIV, although the precise role of this mole-

cule is controversial [14,15]. PD-1 cross-linking by its

ligands PD-1 or -2 can attenuate T cell receptor/CD28

proximal signal transduction and thereby limit effector

functions such as cytokine production and proliferation

[16]. Recent work in Uganda has also correlated PD-1

expression on CD41 and CD8 T cells with suboptimal

immune CD41 T cell reconstitution in HIV-infected indi-

viduals on ART [17]. A direct, biological relationship

between PD-1 expression on CD81 T cells and the ability

to sustain an antibody response is unlikely. However, at

1 month post-revaccination, the non-responder group

had significantly lower measles antibody titres compared

to responders and exhibited a trend towards increased

CD81 T cell PD-1 expression, raising the possibility that

immune dysregulation in non-responders was evident

early after revaccination and is associated with CD81 T

cell anergy. The precise mechanism promoting CD81 T

cell anergy in non-responders is unknown, but could be

due to co-infection with other microbes, inadequate

nutrition or other variables that were not evaluated here.

Immune activation is crucial for host defence, but can

undermine the immune integrity of the host if activation

is protracted [18]. Several phenotypical markers can be

used to identify activated T cells, but CD38 and HLA-DR

are among the most well-characterized in HIV infection

[19]. CD41 and CD81 T cell activation has been corre-

lated with increased HIV viral load and in Uganda [19].

CD41 and CD81 T cell activation was also associated

with suboptimal CD41 T cell reconstitution in HIV1

individuals on ART in Uganda [17]. CD41 T cells are

important in generating productive antibody responses

from B cells. We found that responders who are able to

maintain measles-specific antibodies 1 year post-

revaccination have a trend towards a lower frequency of

activated CD41 T cells compared to non-responders. This

suggests that CD41 T cell hyperactivation may be impli-

cated in impaired B cell function to revaccination. T cell

activation can occur via antigen-dependent or independ-

ent mechanisms [20]. As there is no meaningful differ-

ence in viral load between responders and non-

responders, we would speculate that this activation is

HIV-antigen-independent and perhaps due to co-

infection with other microbes that cause activation of

CD41 T cells. Overall, the link between CD41 activation

and the inability to maintain antibody responses to revac-

cination is intriguing, and adds to the literature indicat-

ing negative consequences of aberrant CD41 T cell

activation during HIV infection.

In conclusion, we identify T cell anergy and activation

as factors that may impair a productive humoral response

to measles revaccination in HIV-infected children on ART

in Nairobi, Kenya. Overall, this study lays a foundation

for future work in investigating the interplay between T

Fig. 2. Responders to measles revaccination exhibit a trend towards

a diminished frequency of activated CD381human leucocyte antigen

D-related (HLA-DR)1CD41 T cells compared to non-responders 1

year post-revaccination. (a) Gating strategy and representative flow

cytometry plots for identifying CD381HLA-DR1CD41 T cells in

peripheral blood mononuclear cells (PBMC). (b) Percentage of

CD381HLA-DR1CD41 at 1 year post-revaccination. Each dot

represents one individual. Data are presented as mean of 10

responders and nine non-responders. Statistics were conducted using

a two-tailed Student’s t-test; *P< 0�05.
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cell activation and anergy and responses to revaccination

in HIV-infected children. Future work will expand the

number of individuals assayed, discriminate between T

cell subsets and directly examine B cell activation, anergy

and function.
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