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TT cell receptor diversity in HIV infection: Missing clones or dominant 
expansions s 

TT cell receptor (TCR) diversity has been extensively analysed in various clinical settings including 
HIVV infection. In several studies TCR repertoire analyses have been used to show incomplete TCR 
repertoiress in which certain antigen-specific TCR's were missing from the repertoire. Other studies 
havee investigated the TCR repertoire to detect clonal expansions within T cell subsets. Assumption 
off either deplet ion or expansion as the cause for perturbed TCR repertoires may lead to dif ferent 
interpretations.. In this chapter we distinguish between T cell expansions and T cell depletions in 
repertoiree analyses, and discuss the findings of T cell diversity in HIV-1 infection in light of the two 
viewpoints. . 

Diversityy of T cell populations. 
TT cells express a receptor specialized in 
recognizingg non-self antigen: the T cell receptor 
(TCR).. To achieve a sufficiently broad range of 
antigenn recognition, individual thymocytes 
randomlyy recombine germ line receptor genes to 
formm their clone-specific T cell receptor (TCR). 
Thiss process called TCR rearrangement results in 
aa dif ferent TCR for each matured T cell (4), each 
TCRR being specific for a more or less restricted 
sett of antigens (73). The highest variabi l i ty is 
foundd in the complementarity determining region 
33 (CDR3) which is the region that recognizes non-
selff peptides in the context of major 
histocompatibilityy complex (MHC) molecules. The 
moree different CDR3 regions in a T cell 
populat ion,, the more antigens can be 
recognized. . 

Thee germ line genes involved in TCR 
recombinationn are designated as var iable-, 
diversity-,, joining-, and constant-region genes. 
Thee complete sequence of the germ line TCR 
locuss has revealed 46 functional gene segments 
groupedd in 30 families within the variable 6 
clusterr (VS) alone (117). Randomization of the 
gene-segmentss and random insertion and 
deletionn of basepairs during the TCR-CDR3 
rearrangementt results in a T cell repertoire of a 
highlyy diverse TCR nucleotide sequence diversity, 
eachh T cell comprising one of the VS families and 
havingg its own clonotypic TCR gene. 

Methodss in diversity assessment. 
Thee absolute information of diversity in antigenic 
specificityy is the nucleotide sequence of each T 
celll receptor present in the population. But the 
estimatedd 10 7 di f ferent T cells in humans (118) 
discouragess extensive sequencing. A rapid 
estimationn of the TCR diversityis obtained by 
analysingg VG usage, either by quantitative PCR 

orr by f low cytometric analysis. An overview o f 
thee extent of used VG families provides a g loba l 
indicationn of diversity. 

Duee to differences in length of the germ line 
segments,, random basepair insertions and 
deletions,, CDR3 regions may vary in length 
(11 19). This phenomenon is exploi ted in the 
"immunoscope"" technique (74) or CDR3 
spectratyping.. Variat ion of CDR3 sizes is 
examinedd by gel-electrophoresic separation o f 
VG-specificc PCR products. Random addit ion or 
deletionn results in a probabi l i ty distribution o f 
dif ferentt CDR3 sizes. Diverse polyclonal T cell 
populationss display a normal distribution o f 
CDR33 sizes; oligoclonal populations have less 
dif ferentt CDR3 regions which is usually ref lected 
inn the detection of fewer CDR3 sizes. For each 
VGG family (and VG-JG combination) such a CDR3 
size-patternn can be generated using as many 
primerr combinations as desired. A normal CDR3 
patternn contains up to 10 sizes, that are normally 
distributedd (Gaussian distribution) with the middle 
sizee being the most predominant, and the smaller 
orr larger CDR3 sizes decreasing in frequency. 
Eachh CDR3 size has a distinct percentage of T 
cellss present in the sample. Perturbation of the 
patternss will be reflected in changed 
percentagess per CDR3 size, thus indicating the 
differencee or skewing from the normal 
distributionn of CDR3 sizes (82,120). A 
disadvantagee is that CDR3 size expansions d o 
nott necessarily contain one unique CDR3 
sequence.. To confirm that VG or CDR3 
perturbationss are indeed caused by (oligo)clonal 
expansions,, investigators have frequently a d d e d 
sequencee information to show recurrent CDR3 
regions.. The heteroduplex mobility assay (HMA 
(121))) or single strand conformation 
polymorphismm (SSCP, (102)) analysis a re 
attractivee alternatives. 
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A p a r tt f rom gelelectrophoresic separation of VB 
PCRR amplif ication products by length, it is also 
possiblee to separate PCR products by sequence. 
Twoo re lated methods al low for more detailed 
analysiss of TCR sequence variat ion, both based 
onn the dif ferential mobil i ty of CDR3 
polymorphisms.. Denaturation and subsequent 
re fo ld ingg of DNA strands, as single strands or 
heteroduplexes,, creates different conformational 
propert iess depending on basepair sequence. 
DNAA fragments are run on a neutral gel in which 
theyy migrate in a conformation dependent 
fashion.. Both assays create a stretched smear of 
DNAA in case of polyclonal CDR3 populations, or 
distinctt bands of identical CDR3 regions with 
identicall mobil ity. The advantage of these 
techniquess is that it includes the complete sample 
inn the analysis and readi ly visualizes the 
complexi tyy of a populat ion. Compared to 
sequencingg the only information lost is the actual 
nucleotidee order, but sequencing can not match 
thee overal l view of complexity unless performed 
exhaustively.. An exhaustive analysis of TCR 
sequencess is however, the only way to determine 
thee true repertoire of a T cell population, as 
CDR33 spectratyping and SSCP profiles only 
a l loww detection of clones with sufficiently high 
frequencies.. Therefore, missing CDR3 sizes do not 
necessarilyy indicate total absence of T cell clones 
withh that particular CDR3 size. 

Inn summary, CDR3 sequencing determines the 
reper to i ree as sum of all present CDR3 regions; 
VBB usage, CDR3 spectratyping, SSCP and HMA 
a ree methods that detect the clonal composition of 
thee repertoi re. 

TCRR diversity in HIV infection 
TT cell diversity was introduced in HIV research by 
aa report of Imberti and colleagues who observed 
aa skewing in V6 usage in HIV infected individuals 
comparedd to healthy controls (1 22). This included 
thee observation of selective deletion of specific 
VBB families, which let to the hypothesis of an HIV 
encodedd superantigen, but numerous following 
reportss fa i led to detect similar selectivity of 
delet ionn (reviewed by Cossarizza (123)). Here 
thee T cell diversity was used to assess the degree 
off T cell deplet ion. In a dissected spleen VB 
expansionss were found heterogeneously 
distr ibutedd paral le l with heterogeneous viral 
sequences,, suggesting the expansion and 
clusteringg of HIV-specific T cells (112). 
Furthermoree it was found that ear ly in infection 

majorr expansions occurred in the CD8 T cell 
subset.. Elevated Nef-specific CTL precursor 
frequencies,, together with disturbed VB usage 
suggestedd that HIV specific clones were part of 
thee clonal expansions (86). The role of HIV-
specificc clones was confirmed by TCR sequence 
analysiss (41), and later by the use of MHC-
petidee tetrameric complex detection of CTL 
cloness (87). In these settings VB usage indicated 
thee level of clonal expansions. 

Roglicc and colleagues first analysed the CD4 
repertoiree by CDR3 spectratyping and 
concludedd that clinical progression of HIV 
infectionn was associated with increased 
perturbationn {75). This f inding supported the 
hypothesiss that depletion of CD4 cells resulted in 
holess in the TCR repertoire, eventually leading to 
thee inability to recognize foreign antigens, thus 
explainingg opportunistic infections. Later this was 
furtherr confirmed in an inverse correlation 
betweenn CD4 counts and TCR CDR3 
perturbationss (76). The dif ference with Imberti's 
originall report is that not tota l VB families, but 
CDR33 sizes within families were undetectable 
andd probably deleted. Here the diversity 
assessmentt was again used to demonstrate 
depletionn of T ceil clones. A plausible theory was 
buildd around the missing clones causing CDR3 
patternn perturbations (115), which made it clear 
thatt antiviral therapy should result in the 
rebuildingg of the repertoire. 

TT cell diversity during antiretroviral therapy 
Thee first study to report on the influence of 
therapyy on the CD4 TCR repertoire showed no 
directt improvements. A few months of treatment 
didd not significantly alter the perturbance of 
severall patients whose CD4 counts were 
nonethelesss increased (81). The authors 
concludedd that the therapy induced rise in CD4 
countss was caused by expansion of pre-existing 
clones,, and that depleted clones did not 
immediatelyy reemerge. It should be noted that 
thee patients investigated here received IL2 in 
addit ionn to antiretroviral therapy, which could 
leadd to increased expansion of T cell clones 
alreadyy dominating the repertoire. A second 
reportt fo l lowed which showed significant 
improvements,, mostly at 9 months after 
treatment.. The increase in the T cell diversity was 
restrictedd to the CD4 subset, as CD8 perturbation 
didd not change (82). It was concluded that 
improvementt of the repertoire reflected 
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regenerationn of deleted CD4 clones, probably 
byy the thymus. These seemingly contradictory 
resultss were linked by the observation that during 
thee first months of therapy the CD4 repertoire 
transientlyy increased in clonality [57). The 
temporall increase in perturbation reflected the 
biphasicc CD4 repopulat ion (79) consisting of 
ear lyy redistribution of expanded clones from 
lymphoidd tissue to the b lood, and late repertoire 
regenerat ion. . 

Thee role of the thymus in T cell regeneration has 
beenn evaluated in thymectomyzed patients (108) 
Thesee patients were able to increase their naive 
CD44 counts, suggesting addit ional sources (like 
redistributionn from lympohoid tissues) for early T 
celll increases, but the TCR repertoire showed no 
substantiall improvements in diversity. It was 
arguedd that thymectomy prohibits the 
replenishmentt of a diverse naive repertoire, 
resultingg in lack of new TCR specificity's, as 
evidencedd by unchanged CDR3 profiles. In this 
reportt and the former studies described above, 
CDR33 spectratyping was used to detect absence 
orr the replenishment of depleted clones. 
However,, expansions may be of such size that 
loww frequency clones may not be detectable. If 
pre-existingg expansions persist during ongoing 
thymicc regeneration, newly formed diverse clones 
mayy not be detected, hence persistent 
perturbationn does not necessarily indicate the 
lackk of a functional thymus 

Nott only CD4 diversity was affected by therapy, 
alsoo CD8 T cell diversity showed substantial 
dynamicss (91,92,124), A rap id improvement of 
thee TCR repertoire was observed in the CD8 
compartmentt and CDR3 specific hybridization 
showedd that HIV-specific clones indeed were 
contractingg due to therapy induced decline of 
antigenn (92). In contrast to the CD4 repertoire 
expandedd clones contracted upon therapy, but 
analogouss to the CD4 repertoire most changes 
weree observed ear ly after start of therapy 
(124).. For CD8+ T cells, the rapid improvement 
off TCR diversity was not concluded to reflect 
thymicc regeneration of lost CDR3 sizes. It was 
moree likely that expanded clones had perished 
renderingg low frequency clones demonstrable 
again.. In contrast to results on CD4 repertoires, 
thee results on CD8 repertoires were interpreted 
ass the level of expansion instead of depletion. 
W ee investigated CDR3 sizes in pre-treatment 
lymphh nodes and compared these with CDR3 

sizess in post-treatment blood samples. 
Substantiall expansions present in lymph-nodes 
beforee therapy were not detected in the blood 
beforee therapy, but appeared in the per ipheral 
bloodd after start of therapy (124). To investigate 
thee kinetics of T cell clones, we utilized dominant 
CDR33 regions as molecular markers to track 
cloness spatially and temporal ly. Here we showed 
thatt clones migrated from lymphoid tissue to 
b lood,, for which we used the CDR3 size 
distributionn and sequences as clonotypic markers, 
likee Pantaleo and Kalams et a l . d id before (86) 
(41). . 

Interpretationn of T cell diversity results 
W ee argue that large expansions relative to 
otherr T cell clones are the major cause o f 
perturbationss observed in CDR3 size distributions. 
Inn the event of T cell depletion, this is not 
evidencedd directly by the loss of particular CDR3 
sizess since it is unlikely that all T cells of one 
particularr CDR3 size are preferential ly 
depleted.. By dominance of over-represented 
CDR33 sizes, other clones may become 
undetectablee but are not necessarily absent. 
Thereforee the level of CDR3 perturbations rather 
representss previous immune activation than the 
actuall repertoire. Only in the event of severe T 
celll depletion, too few clones may be left to fo rm 
thee normal CDR3 size distribution, leading to 
perturbedd repertoires, but this may well be 
precededd by clonal expansions that perturb the 
repertoiree by overrepresentation. 

W ee define the repertoire as the sum of all CDR3 
sequencess that are present irrespective of 
frequency,, and diversity as the degree of equal 
distributionn of frequencies. CDR3 spectra and 
SSCPP profiles give an overview of the degree of 
diversity,, however do not provide information on 
thee complete repertoire. Clones of very low 
frequencyy may not be detected because of 
dominationn of expanded clones. In this case 
sequencingg would be the method to detect al l T 
celll clones and to determine the true repertoire. 
CDR33 spectratyping determines the diversity of 
thee repertoire; the diversity can vary in equal ly 
complexx repertoires. This can be illustrated b y T 
celll populations during acute viral infections. 
Viruss specific T cell clones can expand to 4 0 % of 
thee total CD8+ T cell population upon infection 
(125-128) .. The Total number of T cells however, 
alsoo dramatical ly increases, and the T cells 
involvedd in the acute immune response do not 
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seemm to affect the size of the original T cell 
populationn (126). Theoretically the newly 
expandedd clones do not limit the original clonal 
compositionn of the naive T cell pool. The diversity 
whenn measured by CDR3 spectratyping will be 
veryy low because of extreme oligoclonal 
expansions,, but the total repertoire -the sum of 
alll different TCR- is probably equal before and 
afterr the infection-induced proliferation 
(Althoughh antigen driven immune activation does 
havee an impact on preexisting memory clones 
(129)) . . 

Inn this respect, we do not regard HIV-induced 
repertoiree perturbations as evidence for clonal 
depletionn (76,115). In addition, if CDR3 
perturbationss represent the clones that are left 
andd the missing CDR3 sizes indicate holes in the 
repertoire,, the process would be irreversible 
duringg the course of infection. W e have recently 
investigatedd longitudinal CD4 memory and naive 
cellss and found a (possibly temporal) decrease in 
perturbations,, manifesting gaussian CDR3 size 
distributionss (104). Missing clones reappeared in 
thesee patients. Consequently, CDR3 perturbations 
weree not induced by deletions. 

Itt is likely that several T cell clones and their 
uniquee CDR3 are lost during the ongoing attrition 
off C D 4 + T cells. However, clonal expansions in 
principlee occur much more rapid than gradual 
depletionn of certain T cell clones. Therefore, the 
dramaticc skewing of TCR diversity in HIV 
infectionn (in both CD4+ and CD8+ T cells) is 
likelyy to be caused by expansions, before clones 
aree lost. HIV infection is characterized by a 
generallyy higher immune activation state than in 
healthyy conditions, causing elevated 

perturbationss in the TCR repertoire (106). In 
healthyy individuals CD4+ T cell expansions also 
occur,, but probably not as severe and frequent 
asas in HIV infection. Furthermore HIV induces both 
TT cell activation and depletion of T cells. In a 
smallerr pool of CD4+ T cells, expansions of 
normall proportions will be readily observed. 
Expansionss present in healthy conditions but not 
demonstrablee in healthy T cell numbers, may be 
visiblee among decreased T cell counts, while HIV 

mightt even increase severity or frequency of 
clonall expansions. 

Resultss in TCR diversity should be evaluated 
alongg with information about T cell counts. 
Increasingg T cell numbers coinciding with 
increasedd perturbation is likely to be a process 
off clonal expansion. This effect does not point to 
thee disappearance of clones, but to the 
submergencee of unstimulated T cells in the 
environmentt of massive replicating T cell clones. 
Conversely,, an increase in diversity in an 
increasingg T cell population as we observed for 
CD4++ T cells after long-term treatment, indicates 
thatt the new CD4+ T cells are diverse in T cell 
receptors. . 

Takingg into account that the TCR repertoire 
reflectss the previous division rate of T cells 
involvedd in immune responses, it can be a useful 
tooll for investigations characterized by distinct 
expansions.. For instance, if HIV-infection induces 
aa general elevated T cell turnover (130,130), 
dividingg cells would have diverse CDR3 regions. 
Iff on the contrary the increased turnover is 
causedd by specific immune responses (106,131) 
dividingg cells will contain limited CDR3 diversity. 

Finally,, it is of immunological and clinical 
importancee to investigate the degree of TCR 
diversityy within T-cell populations that are 
involvedd in virus-specific immune responses. MHC-
peptidee tetrameric complexes are used to 
identifyy T cells specific for a given peptide, and 
thesee peptide specific T cells are frequently 
observedd as a mixture of T cells bearing 
differentt VB families (87,132). Recent studies 
havee shown the development of TCR usage of 
epitopee specific CD8+ T cells during viral 
infectionss (133,134). The capacity of HIV to 
changee CTL epitopes may influence the antigen-
specificc TCR repertoire. Repetitive epitope 
mutationss may lead to a narrow peptide specific 
TCRR repertoire (132), which may ultimately 
increasee the chances of HIV. Therefore, the 
analysiss of HIV-specific TCR repertoire may 
provee valuable information on the immune 
responsee during HIV-1 infection. 


