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Abstract
It has been shown that activating killer Ig-like receptor (aKIR) genes are important for control of
CMV reactivation after hematopoietic cell transplantation (HCT). To date, using the broad
classification of KIR haplotypes A and B, the precise role of individual KIR genes in control of
infection cannot be discerned. To address this, a consecutive case series of 211 non T-cell depleted
HCT patients all at risk for CMV, were monitored bi-weekly for CMV DNA in plasma by Q-PCR
and at intervals for CMV-specific T cell immunity. Comparing patients with CMV reactivation
(n=152) to those with no reactivation (n=59), the presence of specific aKIR haplotypes in the donor,
but not in the recipient, were associated with protection from CMV reactivation and control of peak
plasma CMV DNA (p< 0.001). A donor aKIR profile, predictive for low risk of CMV reactivation,
contained either aKIR2DS2 and aKIR2DS4 or had ≥ 5 aKIR genes. Neither donor nor recipient iKIR
played a role in a protective effect. CD4+- and CD8+-specific CMV immunity did not explain reduced
CMV infection. The initial control of CMV infection after HCT is managed by aKIR functions, and
donor aKIR haplotypes deserve further evaluation in donor selection for optimized HCT outcome.

Introduction
Natural killer (NK) cells are considered a bridge between the innate and adaptive immune
systems because of their ability to provide rapid cytotoxic function similar to that of innate
immunocytes (e.g. macrophages and granulocytes) and because this cytotoxic function is
closely aligned with that of T lymphocytes (e.g. use of interferon-γ, granzymes and perforins)
[1]. It has been suggested that the NK cell provides a cytokine milieu that informs and supports
the maturation of the adaptive immune system [2,3]. NK cells destroy cells infected with
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viruses and other intracellular pathogens, transformed cells, and allogeneic cells, and this
involves surface receptors, termed activating and inhibitory killer immunoglobulin-like
receptors (KIR) [for review see [4-6].

The iKIR genes encode receptors which recognize defined specificities for HLA class I
molecules and block further interaction of NK cell with “self” targets [1,4,7]. The
incompatibility of the iKIR haplotype with its HLA class I ligand has been the subject of intense
interest in influencing the outcome of allogeneic hematopoietic cell transplantation (HCT) with
conflicting results [for review see [8]]. The KIR haplotype of donor and recipient can have
beneficial or detrimental effects on rate of graft vs. host disease (GVHD), relapse, and survival
after HCT [9-13]. In addition, iKIRs have been shown to be involved in improved time to
resolution of hepatitis C virus infection [14,15] and reduced susceptibility to HIV infection
[16,17].

In contrast, aKIR receptor—ligand interactions are poorly understood but appear to have an
important effect on control of virus infection. It has been suggested that aKIR haplotypes are
inversely associated with CMV reactivation in HCT recipients [18,19]. In HCT with matched-
sibling donors, the presence of more than one aKIR gene (haplotype B) was associated with
reduced CMV reactivation [18]. Identity between donor and recipient aKIR genotypes has been
reported to be associated with a lower incidence of CMV reactivation and lower transplant-
related mortality [19]. The question of which donor aKIR genes are important in protection
from CMV infection has not yet been answered.

The KIR haplotype A contains only one aKIR gene (aKIR2DS4), while the haplotype B is
composed of both aKIR and iKIR genes [20]. This haplotype classification is limited in that
most previous KIR genotyping methods could not distinguish aKIR2DS4 from its deletion
mutant, a non-expressing membrane-bound receptor variant. More importantly, the use of the
haplotype A and B system does not permit assessment of the role of particular aKIR receptors
in control of CMV infection.

In this report, to assess the importance of KIR genotypes in influencing CMV reactivation, the
KIR genotype was evaluated in a large series of HCT recipients and donor pairs, all of whom
were at risk for CMV infection. A detailed KIR genotype containing both inhibitory and
activating KIR was established, and patients were prospectively followed and analyzed for
CMV infection and effects on CMV-specific adaptive immunity during 1 year post-transplant.

Patients and Methods
Study patients

A case series of 211 consecutive allogeneic HCT recipients, transplanted from 2001 to2006,
were followed for CMV reactivation one year post-transplant. Based on study eligibility, all
HCT recipients were at risk for CMV reactivation as determined by CMV antibody
seropositivity in either the donor or recipient or both. All subjects, donors and recipients, signed
an informed consent for research approved by the City of Hope (COH) Institutional Review
Board. The donor/recipient KIR profile was assessed prospectively and haplotype A and B
determined accordingly [20]. Patients were managed by the clinical staff without knowledge
of the KIR profiles, and transplantation procedures were performed according to Foundation
for the Accreditation of Cellular Therapy-approved guidelines. Table 1 describes the general
demographics of the study participants in terms of median age, transplant type, disease
diagnosis, myeloablative vs. non-myeloablative conditioning, pre-transplant CMV serology
of donor and recipient, incidence of acute and chronic GVHD, and corticosteroid therapy for
GVHD.
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CMV Surveillance
CMV reactivation was monitored by DNA Q-PCR on plasma collected twice weekly up to 100
days post-HCT. CMV surveillance was continued at 1-2 week intervals in “high-risk” patients
based on clinical management guidelines at City of Hope (COH). High-risk patients included
those with persistent lymphopenia, grade 2-4 GVHD, or those requiring continued
immunosuppression for anti-GVHD therapy. The Q-PCR was performed essentially as
previously described using the CMV-gB DNA as amplification product [21] and had a limit
of detection of 200 genome copies per milliliter plasma (gc/ml). In addition to Q-PCR testing
on plasma, all patients had whole blood cultured for CMV infection on the same blood
specimen and using a shell vial culture method previously described [22]. Preemptive
ganciclovir therapy was implemented based on either one CMV positive shell vial culture or
on two consecutive positive Q-PCR assays according to COH guidelines. The applied
definition of CMV disease was that of Ljungman and Paya, [23] and all diagnoses were based
on correlation of clinical events and documentation of CMV in either bronchoalveolar lavage
(BAL) or in tissue biopsies by histology or by tissue culture. In this study, CMV infection was
defined as evidence showing CMV in any of three tests, namely, blood culture shell vial, plasma
Q-PCR or CMV disease by histology. Time to CMV reactivation was defined as the day of
first CMV positive Q-PCR, and the CMV infection was measured quantitatively by plasma
DNA gc/ml.

KIR genotyping
DNA extraction from donor and recipient WBCs was performed using Qiamp DNA Blood
Mini Kit (Qiagen, Valencia, CA) as previously described [24]. DNA was quantified using a
Genequant II assay (Pharmacia Biotech) and adjusted to15 ng/μl. A multiplex PCR-sequence-
specific (PCR-SSP) was performed on DNA samples as previously described [24] using 28
primers in four multiplex PCR reactions for detection of 14 functional KIR genes. The thermal
cycler was a GeneAmp 9600, and the DNA polymerase was Amplitaq Gold (Applied
Biosystems, Foster City, CA). The assays were run with primer combinations, such that primer
combination 1 included iKIR2DL1, iKIR2DL2, iKIR2DL4 and aKIR2DS3, primer
combination 2 included iKIR2DL3, aKIR2DS2, iKIR3DL1and aKIR3DS1, primer
combination 3 included iKIR2DL5, aKIR2DS1 and iKIR3DL2, and primer combination 4
included aKIR2DS4n, aKIR2DS4d and aKIR2DS5. This method identifies all 14 functional
KIR genes including the deletion mutant 2DS4d, but not the pseudogenes. The amplified
samples were run on a 3% agarose gel for visualization and analysis. Since KIR2DL4, 3DL2
and 3DL3 were detected in 100% of donors and recipients, these were not included in the
analyses.

Intracellular Cytokine Assay
In addition to CMV surveillance, blood samples were analyzed for establishment of CMV-
specific adaptive immunity by intracellular cytokine assay (ICC), using interferon-γ (IFN-γ)
as the marker protein, at the following times post-HCT: day 40, 90, 120, 150, 180, and 360
plus or minus 2 weeks. ICC was performed on T cells as previously described [21] using
Brefeldin A (25 μg/ml, Sigma, St. Louis, MO) to block the release of IFN-γ. After stimulation
with either CMV Ag (Advanced Biotech, Paterson, NJ) (for CD4+ lymphocytes) and pp65 or
IE1 peptides specific for HLA A*0201 or B*07 or Pepmix™ for non-HLA*A0201/or B*07
(JPT Peptide Technologies, Berlin, Germany) (for CD8+ lymphocytes), the cells were fixed,
permeabilized then stained with anti-human CD4, CD8 and IFN-γ antibodies. FACS analyses
were performed using a FACSCanto flow cytometer (Beckton-Dickinson Biosciences) and
data were analyzed using FCS Express software (version3.0; Denovo Software).
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Statistics
The GraphPad Prism® 4 software (GraphPad Software Inc., La Jolla CA)
(www.graphpad.com) was used for the analysis of CMV DNA Q-PCR results. Other analyses
were performed using the SAS® statistical package and programming language (SAS Institute
Inc., Cary NC). Contingency tables of numbers of patients experiencing CMV reactivation
after HCT were analyzed using Pearson's chi-square test, Fisher's exact test, and Mantel-
Haenszel's test for ordered categories. The Kruskal-Wallis test was used as a non-parametric
analog to oneway analysis of variance. Tests were two-sided and the cutoff for statistical
significance was 0.05. Survival outcomes were calculated as time in day's post-HCT until event
or last contact. Kaplan-Meier survival estimates were tested using the Mantel-Haenszel (log-
rank) test. Logistic regression analyses were performed to identify independent risk factors of
CMV reactivation. Cumulative incidence of first time to CMV-PCR positivity and peak-PCR
among the 3 KIR groups were evaluated using the last assay date as censored events and relapse
or death as competing risks.

Results
KIR genotype profile and CMV reactivation

The KIR genotype profile for donors and recipients is shown in Figure 1. The donors (Figure
1A) and the recipients (Figure 1B) were dichotomized, according to the recipients' CMV
reactivation status, into either a CMV reactivation group or No CMV reactivation group, and
the gene frequency is shown for each group. The aKIR genotypes, aKIR2DS2 and aKIR2DS4,
of donors (Figure 1A), but not of recipients (Figure 1B), were more frequent in the CMV-
negative group. The donor aKIR2DS2 gene frequency was 37% in the CMV reactivation group
vs. 58% in the No CMV group (p < 0.05 by Chi-square test). For the donor aKIR2DS4, the
genotype frequency was 43% in the CMV reactivation group vs. 58% in the No CMV group
(p = 0.06). Importantly, the aKIR2DS4 deletion mutant (aKIR2DS4d), which does not express
membrane-bound aKIR2DS4, was found to be more prevalent in donors in the CMV
reactivation group compared to the No CMV group (p≤ 0.05 by Chi-square test). This argues
for the importance of donor aKIR2DS2 and aKIR2DS4 in control of CMV reactivation in the
recipient. Of note, the iKIR genotype, 2DL2, was also significantly more frequent in the donors
in the non-infected group, but 2DL2 iKIR and the aKIR2DS2 aKIR are in strong linkage
disequilibrium and are expected to be expressed together. In contrast, the iKIR genes, 2DL1,
2DL3, 2DL5, 3DL1 of both the donors and the recipients distributed similarly between the two
groups with and without CMV reactivation (see 2DL1, 2DL2, 2DL3, 2DL5, 3DL1 in Figure
1). Finally, the AA and BX haplotypes did not show any significant difference in proportions
between the CMV reactivation group and the No CMV group (39% vs. 29% respectively for
donor haplotype AA and 61% vs. 71% respectively for donor haplotype BX). In summary, in
answer to the question of which KIR genotypes are most frequently associated with protection
from CMV reactivation, donor aKIR2DS4, the absence of the aKIR2DS4 deletion, and the
iKIR gene 2DL2 that is linked with aKIR2DS2 were most prevalent.

Donor aKIR profile and CMV reactivation incidence
To further examine the contribution of donor aKIR genotype to CMV reactivation in the
recipient, CMV reactivation was analyzed based on number of aKIR genes in the donor. As
shown in Figure 2A, the prevalence of recipients with CMV reactivation was significantly
higher if the number of aKIR genes per donor was less than 5. Only 17% of the recipients
whose donors had 0 aKIRs were free of CMV infection post-HCT; 27% of those with 1-4
aKIRs in the donor genotype had no CMV infection, and 52% of those with ≥ 5 aKIRs never
developed CMV reactivation (p=0.03 by Chi-square test). These results confirmed that the
protection from CMV reactivation was associated with increased numbers of aKIR genes in
the donor genotype.
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Because of the observation for CMV protection in the presence of the aKIR2DS2 and
aKIR2DS4 genes in donors, the effect of single appearance or combination of these two genes
was also evaluated (see Figure 2B). As shown, only 18% of the recipients having no aKIR2DS2
and aKIR2DS4 in their donor cells remained free of CMV infection; 25% of those with either
one of these genes (aKIR2DS2 or aKIR2DS4) did not develop CMV infection; and 53% in
those with both aKIR genes remained free of CMV infection. Thus, the presence of aKIR2DS2
and aKIR2DS4 was associated with decreased CMV reactivation (p=0.001 by Chi-square test).

Characterization of CMV infection based on aKIR donor genotype
This formed the basis for a hypothesis that aKIR2DS2 and aKIR2DS4 genes play the major
role in protection from CMV reactivation. To test this hypothesis, we investigated CMV
infection in recipients whose donors had both of these genes vs. those which did not. Because
the data show that the number of donor aKIR (≥ 5) is protective of CMV reactivation as well
as the presence in the donor of both 2DS2 and 2DS4 aKIRs, the donor/recipient pairs were
grouped according to donor aKIR genotype as follows: Group I had no aKIR2DS2, aKIR2DS4,
and <5 aKIR total genes; Group II had either aKIR2DS2 or aKIR2DS4 and <5 aKIR total
genes; Group III had one of the possible combinations of aKIR2DS2 plus aKIR2SD4 and/or
≥5 aKIR genes. The CMV reactivation rate for each group is shown in Table 2 and the
difference in CMV rates, with Group III having the lowest rate, was statistically significant by
Chi-square analysis (p<0.001). In addition, the number of CMV episodes (as measured by Q-
PCR) were significantly lower in Group III (p=0.001), with less frequency of both 1 CMV
episode (27% in Group III vs. 37% in Group II or 43% in Group I) and of 2 CMV episodes
(11% in Group III vs. 23% in Group II or 20% in Group I). So the conclusion can be made that
Group III benefited from both a lower CMV reactivation rate and fewer recurrences of CMV
infection.

Of note, as shown in Table 2, the median times to first CMV infection, as detected by Q-PCR
or shell vial assay, was similar in all groups I, II and III (p=0.15 and 0.37, respectively, by
Kruskal-Wallis test). For groups I, II, and III, the plasma Q-PCR became positive at a median
time in days of 37, 50, and 44, respectively, and the shell vial cultures had a median first time
positive of 47 days for all groups. Although the incidence of disease was not significantly
different across groups due to the small numbers, most disease occurred in Groups I and II,
with 5 cases of CMV pneumonitis. There was no CMV pneumonitis and only one case of CMV
gastroenteritis in Group III (p=0.47 by Chi-square test). Therefore, it appeared that there was
a difference in the percentage of recipients with CMV reactivations for the three groups but,
if infection was to occur, the time to first reactivation was not different in Groups I, II, and III
(Table 2).

To analyze the kinetics of appearance of CMV reactivation in these three groups after HCT, a
cumulative incidence curve was established plotting the first time to reach CMV Q-PCR
positivity for each subject (Figure 3A). The subjects with no CMV infection were censored at
the last day of follow-up, with relapse and death treated as competing risks. As shown, the
occurrence of CMV infection was significantly less in Group III (p<0.001 by log-rank test).
In addition, the occurrence of first infection went beyond day 100 post-HCT in Groups I and
II (150-200 days post-HCT) whereas CMV reactivation no longer occurred by day 100 in
Group III. In Group III, CMV reactivation appeared to be controlled, as detected by Q-PCR,
in 53 % of the recipients as compared to only 14% and 25% of Groups I and II, respectively.

To check whether the severity of CMV viremia was different in each group, the proportion
reaching peak CMV DNA plasma level was analyzed using a similarly censored cumulative
incidence plot which showed a pattern similar to time to first Q-PCR positivity (see Figure 3B,
p<0.001 by log-rank test). To further characterize the nature of the infection in these 3 groups,
the plasma CMV load was expressed as genome copies/ml plasma (gc/ml) for first CMV
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detection (Figure 3C) or for peak CMV load (Figure 3D) using a scatter plot that included the
0 gc/ml values for the patients who did not reactivate CMV. Here again, the median CMV
loads at first detection and at peak level were lowest in group III (Figure 3C, p < 0.001, and
Figure 3D, p<0.001 by Kruskal-Wallis tests). In summary, recipients of donors having aKIR
haplotypes containing aKIR2DS2 and aKIR2DS4 or ≥5 aKIR genes had proportionately less
CMV reactivation and earlier control of infection compared to those with only a single aKIR,
aKIR2DS2 or aKIR2DS4, or less than 5 aKIR genes.

Comparison of clinical characteristics among the aKIR Groups
A comparison of the clinical characteristics among the aKIR groups was performed to ensure
that no baseline differences existed among these factors (see Table 1). The comparison was
performed using contingency tables, and the characteristics studied were: donor and recipient
age, type of HCT, source of blood progenitor cells, underlying diagnosis, conditioning regimen,
pre-HCT CMV antibody in donor and recipient, incidence of acute and chronic GVHD, and
use of corticosteroid therapy. As shown in Table 1, the results of this evaluation show that there
were no significant differences across the clinical characteristics among the aKIR groups. In
addition, there were no differences in the groups with regard to overall survival as reported at
three years post transplant.

Logistic regression analysis of factors affecting CMV reactivation
The univariable logistic regression analysis, as shown in Table 3, examined factors previously
shown to impact CMV reactivation. Among the variables tested, the most important was the
KIR Risk Groups, Group III being highly significant (p=0.0003) and other variables such as
acute GVHD (p=0.006). In addition, the material transplanted, bone marrow vs. PBSCs
(p=0.03), and donor KIR2DS2 (p=0.01) and donor KIR2DS4 (p=0.06, borderline) were also
important independent variables in this model. All other variables such as age of donors or
recipients, related vs. unrelated donor type, conditioning intensity, CMV serology of at-risk
donor-recipient pairs, or prednisone dose were not associated with CMV reactivation. The
study excluded donor-recipient pairs that were CMV seronegative pre-transplant, and therefore
the baseline chosen for the univariate comparison of CMV serology was D+/R-. This may
explain the lack of significant difference based on serostatus of donor and recipient. In addition,
the prednisone dose was based on the highest dose given to a recipient but time to highest dose
was not included in the model (overall p= 0.26).

The multivariable logistic regression analysis of factors affecting CMV reactivation, as a model
of goodness-of-fit (p=0.001) included the donor KIR2DS2 genotype, donor KIR 2DS4
genotype, the combination donor KIR2DS2 and KIR2DS4 genotypes, acute GVHD, and the
transplant source (Table 4). The individual donor aKIRs were included in this model, and for
this reason the KIR groups I, II, and III, which duplicate the KIR variables, could not be added
into the analysis. However, this model establishes the importance of donor aKIR2DS2 and
aKIR2DS4 genotype as factors in decreasing the risk of CMV reactivation in recipients.

Adaptive immune response within donor KIR Groups
The next question was whether the influence of the donor aKIR genotype on CMV infection
was associated with an enhanced development of CMV-specific T cell immunity post-HCT.
A cumulative incidence plot was established for recipients monitored prospectively for
adaptive immune response by intra-cellular cytokine assay (ICC) at day 40, 90, 120, 150, 180
and 365 days post-HCT. The immune responses were compared by arbitrarily defining the
acquisition of immunity at 1×106 CD4+/IFN-γ+ or CD8+/IFN-γ+ cells/L when stimulated in
vitro with CMV antigen (CD4+ cell assay) or a mixture of overlapping CMV-pp65 peptides
or CMV-IE1 peptides (CD8+ cell assay). The HLA A*0201 and B*07 were stimulated with
pp65 peptides specific to their alleles. As shown in Figure 4, Group I consistently developed
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immunity prior to groups II and III, possibly due to the increased infection rate in this group,
but this was significantly different only for CD8 response to CMV-IE1 (Figure 4B, p=0.03).
CD8+ cell reactivity to CMV pp65 (Figure 4A) and CD4+ cell immunity to CMV antigens
(Figure 4C) was not significantly impacted by the donor aKIR haplotype. Interestingly, the
cumulative incidence profile for immune response recovery in all 3 CMV assays were very
similar for Group II and Group III (see Figure 4A-C), suggesting that the presence of donor
aKIR2DS2 and aKIR2DS4 KIR genotype, or ≥ 5 donor aKIRs, affected the adaptive response
in the same fashion.

Discussion
NK cells play a vital role in the innate immune response to viral infections. The mechanism(s)
that control this important protective response are only beginning to be understood. Innate
immunity against viral infections is mediated through NK cells, whose function is dependent
in part upon KIR genes from the Lymphocyte Receptor Complex on chromosome 19. When
NK cells have been implicated in HCT outcomes, e.g. survival, relapse, and GVHD, it has been
the iKIR donor and recipient ligand—ligand compatibility that appeared most important [8,
10]. However, the effect of KIR haplotypes on outcome remains controversial with beneficial
and detrimental effects observed depending on whether it was a related sibling transplant
[13] or unrelated transplant [8,25] whether it was T-cell depleted [10] or T-cell replete
transplant [12], and other aspects such as myeloid diagnosis, use of anti-T cell globulin, and
age of patient [8]. It is likely that the variability of the KIR repertoire, the significant gene
polymorphisms, and the variable NK responses also contribute to these different outcomes
[26,27].

With the advent of methods for fine genetic characterization of donor and recipient [24], it is
possible to determine the contributions of the various aKIR genes. Our data indicate that the
aKIR genotype of the donor is important in limiting CMV reactivation and that iKIR, in either
the donor or recipient, are not associated with reduction in CMV reactivation. This allowed
the testing of a hypothesis that specific donor aKIR genotypes had prominence in control of
CMV reactivation. Our data indicate that both aKIR2DS2 plus aKIR2DS4, in the donor
genotype, are associated with reduced CMV activation in HCT recipients. In addition, among
other aKIR genes, the same association was found regardless of which aKIR genes were present
in the donor genotype, as long as there were at least 5 or more aKIR alleles present. A protective
donor genotype was defined as that in which there are both aKIR2DS2 and aKIR2DS4 or ≥5
aKIR genes. The recipients of HCT from donors with the beneficial aKIR haplotype had
significantly less CMV reactivation, had no reactivation after day 100, and had significantly
lower median peak CMV load. More importantly, although not significantly different because
of small numbers, CMV disease was minimal in this group and no CMV pneumonia occurred.

A complexity of interpretation is introduced when the broad haplotyping system is used that
divides all patients in haplotypes A and B. Individuals genotyped positive for the so-called
“framework genes”, plus only an aKIR2DS4 locus, are KIR haplotype A homozygotes. Those
with additional aKIR loci are either AB or BB haplotypes and are grouped together as KIR
haplotype B. Therefore, KIR haplotype B carriers potentially express multiple aKIRs. Yet, the
classification of haplotype A and B does not define the full complement of aKIR and iKIR
genes. Therefore, the contribution of individual genes to antiviral effects has not been precisely
evaluated. Although this system has be useful in defining risk for GVHD and for survival in
matched related HCT [13], it does not allow for evaluation of specific aKIR gene relationships.

The aKIR genes do not appear to play a role in altering GVHD or relapse after HCT, but they
have been associated with decreased reactivation of CMV [18,19]. In the study of Cook et al.,
it was reported that in T-cell replete HCT in matched sibling donor transplants, the presence
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of donor KIR haplotype B was associated with a 65% reduction in CMV reactivation [18]. Our
results confirmed a small protective effect of haplotype B, but showed a major protective effect
of donor aKIR genotype aKIR2DS2 and aKIR2DS4.

Chen et al. were the first to characterize the actual number of donor and recipient KIR genes
relative to CMV infection, but they did not distinguish between the aKIR2DS4 and its inactive
deletion aKIR2DS4d [19]. In their paper, HCT recipients of a T-cell replete transplant from
HLA identical sibling donors having more aKIR genes were shown to have lower transplant
related mortality, better survival, and a reduced incidence of CMV reactivation. Our data
includes T-replete transplant recipients with unrelated donors and demonstrates that the
protective effect of increased donor aKIR genotypes on CMV infection extends to this
population.

It is important to note, however, that, although the CMV reactivation was significantly less,
approximately half of the recipients with donors having the favorable donor aKIR genotype
still reactivated CMV. CMV reactivation occurred in 48% of those in the protected group and,
when this occurred, there was no difference in time to first infection or in median CMV plasma
DNA levels. However, significantly fewer episodes of CMV infection occurred in this group.
It is possible that there is variable expression of aKIR receptors, as has been shown with iKIR
[27], and this could explain the break-through of CMV reactivation despite the donor aKIR
genotype. KIR expression in mice has been shown to vary with promoter polymorphisms and
epigenetic silencing events [28], and it is possible that similar variations in expression of aKIR
will be linked to the control of CMV reactivation.

NK cells are not the only cells expressing KIR receptors, which are also expressed on CD8+
T-cells (NKT), and there is evidence that NK cells interact in support of adaptive immunity
[2,6]. Thus, the question was raised as to whether the aKIR contribution is mediated by an
enhanced adaptive immune response in our patients. In the murine CMV (MCMV) model, the
continuum of interaction between innate processes, involving dendritic cells and NKT cells,
produces an initial INF-α response which appears to activate NK cells and leads to control of
MCMV [29]. In this model, it has been proposed that the potential immunosuppressive effect
of INF-α is relieved by the NK-induced reduction of MCMV infection, and this allows for
expansion of MCMV-specific CD4 and CD8 lymphocytes [30]. Of note, in the mouse model,
NK cells can also limit the expansion of the CD4/CD8 responses by unknown mechanisms
[31]. In our study, there was no enhancement of the CD4+ or CD8+ lymphocyte response to
CMV that would explain the reduced infection in the group with donor enhanced aKIR
haplotype. Neither the CD4 responses to CMV antigens nor the CD8 responses to CMV pp65
peptides were different among the groups with varying donor aKIR genotypes. As part of a
separate study, IFNγ+ CD8+ cells from this same patient cohort were further evaluated for the
expression of simultaneous multiple immunologic functions using a CMV- pp65 peptide
library for induction of MIP-1β, TNF-α, and CD107 degranulation. Similarly, there was no
effect of aKIR donor genotype [W. Zhou, personal communication]. We did observe an
association of the aKIR donor haplotype with significant reduction in CD8+ lymphocyte
responses to CMV-IE1 (see Figures 3A and 3B). It is possible that this is due to the reduction
in CMV infection by aKIR effects, but the actual mechanism is unknown. Of note, the fact that
reduced CMV infection occurred in the absence of enhanced CD8-specific immunity, further
supports the overall importance of NK cells, acting by means of the aKIR receptor—ligand,
in initial control of CMV.

These data support the conclusion that both aKIR2DS2 plus aKIR2DS4, or a total of at least
5 aKIR in the donor KIR haplotype, are associated with reduced CMV infection in T-replete
allogeneic HCT transplantation. Even in those with reactivation of CMV, the favorable donor
haplotype appeared to exert a better control of the infection. These data better define the aKIR
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contribution to control of CMV in this population and suggest that donor aKIR genotype be
included in algorithms for optimizing the outcome of HCT in related and unrelated T-replete
allogeneic donor transplantation. Larger studies will be necessary to determine whether
selective consideration of donor aKIR repertoire might be of benefit to the success of allogeneic
transplants.
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Figure 1. Donor and recipient KIR gene frequency in HCT recipients with and without CMV
reactivation
The cohort has been dichotomized according to the recipient's CMV reactivation status (■
n=152, having at least one incident of CMV reactivation; and  n=59, having no CMV
reactivation). The KIR gene frequency is separately portrayed for donors (Panel A) and
recipients (Panel B). aKIR2DS4d represents the deletion variant of aKIR2DS4. iKIR2DL4,
iKIR3DL2 and iKIR3DL3 were detected in all members of this cohort, and thus omitted from
this figure. AA indicates individuals homozygous for KIR haplotype A, and BX indicates
individuals either heterozygous (BA) or homozygous (BB) for KIR haplotype B. * p= 0.06,
** p≤ 0.05 using the Chi-square test.
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Figure 2. CMV reactivation and aKIR profiles
Panel A: Percent CMV reactivation vs. number of donor aKIR genes: 0 donor aKIR (n=30),
1-4 donor aKIR (n=161) and equal to 5 or more aKIR, (n=20). Chi –square T test is significant
for independence p=0.034. Panel B: Percent CMV reactivation vs. type of donor aKIR
combinations, including No aKIR2DS2 or aKIR2DS4 (n=57), either aKIR2DS2 or aKIR2DS4
(n=118), and both aKIR2DS2 and aKIR2DS4 (n=36). Chi-square T test is significant for
independence p=0.001.
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Figure 3. CMV reactivation profile for each group I, II and III
Panel A: Time to first CMV positivity by Q-PCR is shown for subjects in each group (Log-
Rank test p=0.004). Panel B: Time to peak Q-PCR is shown for subjects in each group (Log-
Rank test p=0.015). Panel C: Amounts of CMV genome copies/ml are shown at time of first
detected CMV reactivation (Kruskal-Wallis test p=0.0001). Panel D: Peak amounts of CMV
genome copies/ml are shown (Kruskal-Wallis test p<0.0002).
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Figure 4. Adaptive immune response in Group I, II, and III
The adaptive immune response was analyzed at days 40, 90, 120, 150, 180, and 360 post-HCT
for groups I, II, and III. Panel A: Time to first 1×106 CD8+/IFN-γ+ cells/L as determined by
in vitro assay after stimulation with a CMV-pp65 peptide mixture or 1-2 peptides specific for
HLA A*0201 and or B*07. Panel B: Time to first 1×106 CD8+/IFN-γ+ cells/L as determined
in vitro after stimulation with a CMV-IE1 peptide mixture or 3 peptides specific for HLA
A*0201 and or *B08. Panel C: Time to first 1×106 CD4+/IFN-γ+ cells/L as determined by in
vitro assay after stimulation with a CMV antigen cell lysate.
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Table 3
Univariable logistic regression affecting the percentage of CMV reactivation

Variables N Odds Ratio (95% CI) P-value

Recipient Age at Transplant (continuous) 210 1.00 (0.98, 1.03) 0.85

Donor Age at Transplant (continuous) 210 1.01 (0.98, 1.04) 0.58

Patient Sex
 Female 99 (baseline) 0.68
 Male 111 0.88 (0.48, 1.61)

Donor Sex
 Female 83 (baseline) 0.33
 Male 127 1.35 (0.73, 2.50)

Donor Type
 Sibling Donor 140 (baseline) 0.83
 Matched Unrelated Donor 70 0.93 (0.49, 1.76)

Transplant source
 Bone Marrow 32 (baseline) 0.03
 Peripheral Blood Stem Cells (PBSCs) 178 2.37 (1.09, 5.15)

Conditioning intensity
 Fully Ablative 133 (baseline) 0.69
 Non-myeloablative Reduced Intensity 77 1.14 (0.60, 2.15)

Diagnosis 0.98*
 Lymphoid Malignancy 81 (baseline)
 Myeloid Malignancy 118 1.07 (0.57, 2.00) 0.84
 Other 11 1.06 (0.26, 4.34) 0.94

CMV Serology 0.59*
 D+/R- 25 (baseline)
 D+/R+ 132 1.56 (0.63, 3.85) 0.34
 D-/R+ 51 1.64 (0.59, 4.61) 0.34

Acute GVHD II+ (grade II-IV)
 No 77 (baseline) 0.006
 Yes 122 2.47 (1.30, 4.69)

Chronic GVHD
 No 41 (baseline) 0.42
 Yes 165 1.36 (0.64, 2.86)

Prednisone Dose 0.26
 No Prednisone (0) 41 (baseline)
 Low Dose Prednisone (< 1) 104 1.49 (0.69, 3.21) 0.31
 High Dose Prednisone (>= 1) 64 2.06 (0.86, 4.91) 0.10

Donor aKIR 0.006*
 No KIR2DS2 and no KIR 2DS4 57 (baseline)
 KIR2DS4 and no KIR2DS2 64 0.70 (0.28, 1.70) 0.43
 KIR2DS2 and no KIR 2DS4 53 0.59 (0.24, 1.48) 0.26
 KIR2DS2 and KIR2DS4 35 0.20 (0.08,0.52) 0.0009

KIR Risk Groups 0.0006*
 I (No 2DS2 or 2DS4) 51 (baseline)
 II (2DS2 or 2DS4 or < 5 aKIR) 115 0.47 (0.19, 1.16) 0.10
 III (2DS2 and 2DS4 and /or ≥ 5aKIR) 44 0.16 (0.06, 0.43) 0.0003
*
P-value of the model.
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Table 4
Multivariable Logistic Regression affecting the percentage of CMV reactivation

Variables N Odds Ratio (95% CI) P-value

Model Goodness-of-fit 198 0.001*

Donor KIR-2DS2 and KIR 2DS4
 No KIR2DS2 and no KIR2DS4 53 (baseline)
 KIR2DS4 and no KIR2DS2 59 0.87 (0.32, 2.32) 0.78
 KIR2DS2 and no KIR2DS4 52 0.59 (0.22, 1.55) 0.28
 KIR2DS2 and KIR2DS4 34 0.21 (0.08, 0.58) 0.003

AGVHD II+ (grade II-IV)
 No 76 (baseline) 0.006
 Yes 122 2.64 (1.33, 5.23)

Transplant source
 Bone Marrow 28 (baseline) 0.06
 Peripheral Blood Stem Cells 170 2.36 (0.97, 5.76)
*
Wald test
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