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Donor	lymphocyte	infusion	(DLI),	whereby	donor	mononuclear	cells	are	infused	into	patients,	is	one	of	the	
few	effective	immunotherapeutic	strategies	that	generate	long-lasting	tumor	remissions.	We	previously	dem-
onstrated	that	chronic	myelogenous	leukemia	(CML)	patients	treated	with	DLI	develop	high-titer	plasma	anti-
bodies	specific	for	CML-associated	antigens,	the	majority	of	which	have	been	reported	to	bind	nucleic	acids	
These	observations	led	us	to	predict	that	circulating	antibody-antigen	complexes	in	DLI-responsive	patients	
carry	nucleic	acids	that	can	engage	innate	immune	sensors.	Consistent	with	this,	we	report	here	that	post-DLI	
plasma	from	5	CML	patients	that	responded	to	DLI	treatment	induced	massive	upregulation	of	MIP-1α,	IP-10,		
and	IFN-α	in	normal	blood	mononuclear	cells.	Importantly,	this	was	not	observed	with	plasma	obtained	
before	DLI	and	from	DLI	nonresponders	and	imatinib-treated	patients.	This	endogenous	immunostimulatory	
activity	required	nucleic	acid	and	protein	for	its	adjuvant	effect	and	activated	antigen-presenting	cells	through	
the	RNA	and	DNA	sensors	TLR8	and	TLR9.	Presence	of	the	immunoglobulin	Fc	receptor	CD32	enhanced	
cellular	responses,	suggesting	that	immunoglobulins	associate	with	this	activity.	Finally,	a	TLR-induced	
expression	signature	was	detectable	in	post-DLI	but	not	pre-DLI	blood,	consistent	with	an	active	circulating	
TLR8/9-stimulating	factor.	We	have	therefore	demonstrated	that	effective	tumor	immunity	correlates	with	the	
presence	of	endogenous	nucleic	acid–immunoglobulin	complexes	in	patient	plasma,	thus	providing	a	putative	
mechanism	for	the	induction	of	potent	antigen-specific	immunity	against	malignant	cells.

Introduction
Allogeneic hematopoietic stem cell transplantation can lead to 
several immunological outcomes, including graft-versus-host 
disease (GvHD) and graft-versus-leukemia effects (GvL) (1). 
The typical locations of GvHD reactions suggest that induction 
of this potent immune response may involve the presence of 
pathogen-derived adjuvants and antigens in pathogen-contain-
ing sites such as skin and gut (2). Less clear is how an immune 
response can be initiated against leukemia cells in the blood (i.e., 
GvL) where there is no obvious source of adjuvants. TLRs have 
emerged as critical initiators of immunity. Over a dozen TLRs 
have been identified, each with a defined ligand and unique 
expression patterns within and outside the immune system, 
especially on DCs, macrophages, and monocytes, where they 
serve to bridge innate and adaptive immunity (3). While TLRs 
were initially thought to be pattern recognition receptors for the 
exclusive sensing of microbial components, recent studies show 
that endogenous nucleic acid–immunoglobulin complexes circu-
lating in lupus patients potently activate immune cells through 
nucleic acid–sensing TLRs and FcRs (4–13) and hence may play a 
role in the development of autoimmunity.

To determine whether GvL is associated with the presence of 
endogenous blood-borne adjuvants, we have focused on a potent 
human example of tumor immunity, donor lymphocyte infu-
sion (DLI), for the treatment of posttransplant relapsed chronic 
myelogenous leukemia (CML) (1, 14, 15). In this procedure, donor 
mononuclear cells are infused into the patient, often in the absence 
of further chemotherapy or radiation, and 75%–80% of patients 
with relapsed CML achieve long-lasting remission. We previously 
identified potent antigen-specific antibody responses developing 
against leukemia antigens, at titers matching those against viral 
antigens following viral infection, appearing in close temporal 
relationship with antigen-specific CD8+ T cell responses and with 
elimination of tumor burden (16, 17). Similar to autoimmunity, we 
discovered that many target antigens of DLI-associated antibodies 
developing in GvL are intracellular and are enriched for nucleic 
acid–binding activities. These observations led us to hypothesize 
that the potent coordinated adaptive immunity associated with 
antitumor GvL responses may be partly driven by innate immune 
stimuli such as nucleic acids.

To explore this hypothesis, we tested plasma from patients with 
CML treated with DLI, who demonstrated GvL but not clinical 
GvHD, for their ability to stimulate PBMCs to produce proinflam-
matory cytokines. Herein, we report that these plasma samples 
can broadly activate a variety of immune cell populations ex vivo 
through TLR8 and TLR9, which are known to recognize nucleic 
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acids. The activity of factors was heightened when complexed 
with antibody and could be mimicked when testing nucleoprotein 
immune complexes (ICs) containing the DLI-associated antigen 
CML66. Implications of these findings for the development of 
productive antitumor vaccination strategies are discussed.

Results
Potent immunostimulatory activity is present in plasma of patients who 
demonstrate tumor rejection following DLI. In a clinical trial of CD4+ 
DLI for patients with relapsed hematologic malignancy follow-
ing allogeneic stem cell transplantation, we observed the frequent 
achievement of robust GvL responses with low rates of GvHD in 
patients with relapsed CML (15). The current study focuses on the 
dissection of immune responses in 8 study subjects, patients A–H, 
all of whom achieved durable remission following DLI for relapsed 
CML in the absence of clinically significant GvHD. As shown in 
Table 1, these patients represent a clinically homogenous group of 
patients: all demonstrated relapsed disease following T cell–deplet-
ed myeloablative transplant for stable phase disease, and all were 
subsequently treated with an infusion of 3–30 × 107 donor-derived 
CD4+ cell/kg in the absence of further chemotherapy or radiation. 
In response to DLI, all patients achieved cytogenetic remission 
at a median of 3.5 months and molecular remission (defined as 
BCR-ABL negative by PCR) at 9 months. None experienced con-
current infections nor greater than grade 1 GvHD (and hence did 
not require systemic corticosteroid treatment) during the months 
following infusion of donor lymphocytes.

To begin to dissect the components contained within patient 
plasma that could contribute to potent antitumor GvL responses, 
we first examined the cytokine and chemokine profiles generated 
in PBMCs of normal volunteers following exposure to post-DLI 
plasma from patients A–E compared with either plasma collected 

from the same patients prior to DLI treatment or from normal vol-
unteers. Following incubation with media containing 20% patient 
plasma, we detected impressive evidence of immune stimulation 
of PBMCs, measured by the de novo production of 15 individual 
cytokines/chemokines using a sensitive quantitative PCR assay. 
As demonstrated in the representative results shown in Figure 1, 
a 3-hour exposure to plasma from patients D and E resulted for 
each production of a broad array of cytokines and chemokines 
by PBMCs. Exposure of normal volunteer PBMCs to plasma col-
lected from patients at approximately 3 months following DLI, 
when cytogenetic responses to DLI are typically first observed, 
resulted in a 3- to 50-fold increase in the production of MIP-1α 
(CCL3), MIP-1β (CCL4), MCP-1 (CCL2), MIP-3α (CCL20), TNF, 
IL-8 (CXCL8), IFN-α, and GROα (CXCL1). Even further increases 
in the expression of these cytokines and chemokines from nor-
mal volunteer PBMCs were observed following stimulation with 
plasma collected 8 months after DLI and at the time of complete 
molecular responses, suggesting the presence of ongoing immu-
nologic activity. In contrast, exposure of PBMCs to control plas-
ma (20% fetal calf serum) or to plasma collected from the same 
patients prior to DLI or from normal donors resulted in only mini-
mal production of cytokine/chemokine transcripts.

To determine whether this immunostimulatory activity was 
uniquely observed in patients who demonstrate clinical antitu-
mor immune responses to DLI, we compared these results with 
responses of normal volunteer PBMCs exposed to plasma from 
patients who had undergone DLI but without clinical response 
(patients I–K; Table 1) and patients treated with an effective non–
immune-based therapy for CML, imatinib mesylate (patients M–R, 
Table 1), who demonstrated clinical responses to therapy within 
the same time range as the DLI-treated patients A–E. Of the 15 
cytokines and chemokines assessed, we observed the clearest dif-

Table 1
Patient characteristics

Pt.	 Treatment	for		 Age/	 DLI	cell	dose		 Mo	from		 Mo	to	molecular		 Mo	to	cytogenetic		 Infection	after		 GVHD	
	 relapsed	CML	 sex	 (×107	CD4+	cell/kg)	 BMT	to	DLI	 response	 response	 therapy	 after	DLI
A DLI 28/F 30 54 11 3 No Min
B DLI 52/F 3 7 17 4 No No
C DLI 40/F 3 26 3.5 3 No Min
D DLI 38/F 3 42 7 2 No No
E DLI 47/M 3 37 3 2 No No
F DLI 50/F 3 13 UN 6 No No
G DLI 37/M 3 36 UN 8 No No
H DLI 39/M 30 19 UN 10 No No
I DLI 48/M 3 18 NR NR No No
J DLI 35/F 3 39 NR NR No No
K DLI 50/M 3 11 NR NR No No
L DLI 19/M 30 36 NR NR No No
M Imatinib 45/M NA NA UN 6 No NA
N Imatinib 34/M NA NA UN 4 No NA
O Imatinib 65/F NA NA UN 6 No NA
P Imatinib 55/M NA NA UN 7 NA NA
Q Imatinib 66/M NA NA UN 6 NA NA
R Imatinib 59/M NA NA UN 6 NA NA
S DLI 59/F 30 17 4 2 No Yes
T DLI 51/M 3 27 UN 3 No Yes
U DLI 36/M 3 25 UN 3 No Yes

NR, no response; UN, information unavailable.
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ferences when examining MIP-1α, IP-10 (CXCL10), and IFN-α. 
Prior to transplant, MIP-1α and IFN-α were significantly higher 
for DLI responders compared with nonresponders or with ima-
tinib-treated patients (P = 0.036 each). As shown in Figure 2, all 
5 DLI patients demonstrated increases in the expression of IP-10,  
IFN-α, TNF-α, and MIP-1α at both early (3 months) and late  
(8 months) time points following DLI, which was not observed in 
3 of 3 CML DLI nonresponders, nor 3 of 3 responders of imatinib 
mesylate. Significant differences were observed between respond-
ers and nonresponders at 8 months (P = 0.036, 0.034 and 0.07 for 
MIP-1α, IP-10, and IFN-α) and between DLI responders and ima-
tinib responders (P = 0.032, 0.008, 0.008, and 0.006 for MIP-1α, 
IP-10, IFN-α, and TNF-α). While these results are consistent with 
the involvement of the IFN pathway in GvL responses, the produc-
tion of these 4 cytokines/chemokines is not restricted to a single 
signaling pathway and suggests the possible involvement of mul-
tiple effector cell populations.

Post-DLI responder plasma stimulates multiple types of antigen-presenting 
cells. To define the immune populations that respond to stimulation 
by DLI plasma (i.e., normal B cells, T cells, NK cells, plasmacytoid 
DCs [pDCs], and myeloid DCs [mDCs] and monocytes), we puri-
fied each immune cell subpopulation from peripheral blood of nor-
mal volunteers, briefly stimulated each with plasma collected from 
patients A–C and E prior to and after DLI, and then tested each for 
de novo cytokine/chemokine production by quantitative RT-PCR 
(qRT-PCR). Results from all 4 experiments are shown in Figure 3.

As shown in Figure 3, the predominant responding cell sub-
population varied from individual patient to patient. Compared 
with pretreatment plasma, exposure to plasma collected following 
DLI resulted in increased expression of cytokines such as IP-10,  
IFN-α, TNF-α, IL-1β, IFN-γ, IL-12, and others in monocytes,  
B cells, pDCs, mDCs, and NK cells — each cell populations known 

to bridge innate and adaptive immunity. In contrast, T cells, which 
reside squarely within the adaptive immune system, rarely demon-
strated increased expression of cytokine or chemokine transcripts 
following exposure to post-DLI plasma.

Post-DLI plasma stimulates TLRs that respond to nucleic acids. When we 
pretreated post-DLI plasma with DNase, RNase, papain, or pep-
sin, we observed a 40%–50% decrease in induction of expression 
of IL-8 from normal monocytes compared with untreated plas-
ma (Figure 4A). Induction of cytokine expression decreased even 
further following pretreatment with DNase and pepsin together. 
These results strongly suggested that the endogenous immunos-
timulatory activity contained within patient plasma comprised 
both nucleic acid and protein. The known ligands of several TLR 
receptors are nucleic acids. We therefore directly tested the ability 
of patient plasma to stimulate specific TLRs by using TLR-express-
ing stable transfectants. These transfectants are human embryonic 
kidney (HEK) cells, stably transfected with different individual TLR 
constructs, including TLR3, TLR4, TLR8, and TLR9 (18). In a fash-
ion similar to that used in our PBMC-based experiments, we briefly 
incubated these TLR-expressing transfectants with patient plasma 
and subsequently analyzed the cells for induction of cytokine/che-
mokine RNA expression. As these transfectants are epithelial cells 
that do not express TLRs at baseline, they do not possess the cel-
lular machinery to express most cytokines, with the exception of 
IL-8. Thus, the readout for TLR activation in this system is IL-8 
transcript expression, which we quantified by qRT-PCR (10). As 
shown in Figure 4B, each of the 4 cell lines secreted IL-8 in response 
to the corresponding agonist, and none of the 4 were reactive when 
exposed to plasma from a series of normal adult volunteers.

When the various TLR-expressing transfectants were stimulated 
with plasma from DLI responders, collected 3–6 months after DLI 
response, we observed that IL-8 expression was induced from 3 of 4  

Figure 1
CML DLI responder plasma stimulates the transcription of a wide range of proinflammatory cytokines and chemokines. PBMCs derived from 
normal volunteers were cultured in the presence of 20% plasma derived from normal donors or from DLI responder patients before and 3 or  
8 months following infusion of donor lymphocytes. Following 3 hours of incubation, RNA was extracted from the PBMCs and tested for the pres-
ence of an array of cytokines and chemokines. All quantitative PCR tests were concurrently run with GAPDH to control for RNA quality. Repre-
sentative results generated from 2 of 5 DLI responders are presented as fold increase in transcript expression over the control (cells stimulated 
with 20% fetal bovine serum alone). Fold transcript induction of the 15 cytokines and chemokines tested is depicted per sample in the order 
provided by the list of analytes on the far right side of the figure. Pt., patient.
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samples in TLR8-expressing cells and from 3 of 5 plasma samples 
in TLR9-expressing cells (Figure 4B). In contrast, 0 of 5 plasma 
samples induced IL-8 expression from the TLR3- and TLR4-
expressing transfectants. Since both TLR8 and TLR9 are known 
to be activated by single-stranded RNA and double-stranded DNA, 
respectively, these data suggested that patient plasma contains 
immunostimulatory nucleic acid.

The endogenous immunostimulatory factor in DLI plasma requires both 
nucleic acid and protein for its adjuvant activity. To better characterize 
the plasma components responsible for TLR activation by patient 
post-DLI samples, we tested vector-transfected cells, TLR8- and 
TLR9-expressing cells, and cells expressing TLR8 or TLR9 together  
with CD32 (FcγRIIa). As shown in Figure 4D, plasma from 3 DLI 
patients contained activating factors for TLR9, whose activity 
was further enhanced by 2- to 4-fold when the transfectants coex-
pressed CD32. Consistent with the notion that TLR9 recognizes 
dsDNA, plasma pretreatment with DNase completely abrogated 
IL-8 induction in both the TLR9-expressing and TLR9/CD32-
expressing transfectants. On the other hand, IgG ICs directly 
isolated from patient plasma further enhanced activation on the 
cell lines. In an analogous fashion, in experiments performed with 
TLR8 transfectants, pretreatment of patient A DLI plasma with 
RNase abrogated induction of IL-8 expression (data not shown), 

while IgG ICs isolated from patient B 
increased reactivity (Figure 4C). Taken 
together, these results suggested that the 
nature of the TLR8- and TLR9-stimulat-
ing activity is an IC consisting of nucleic 
acid bound to antibody. In support of 
these findings, we detected nucleic acid in 
plasma of 3 of 3 DLI patients (patients F, 
E, and C) and also in plasma-derived ICs 
isolated from these patients (Figure 4E).

CML66 ICs can activate TLR9. More than 
half of the candidate antigens identified 
in our previous antibody-based screens for 
targets of DLI-induced immunity dem-
onstrated selective or elevated expression 
in CML progenitor cells and have known 
binding activity to nucleic acids (16, 19, 
20). These characteristics together with 
our current data suggested that nucleic 
acids complexed to these antigens could 
potentially activate TLRs. If so, this prop-
erty could be important for stimulating 
immunity against malignant cells with 
self-renewing capacity. We therefore exam-
ined the TLR-activating ability of ICs to 
CML66. This is an intracellular leukemia-

associated antigen that elicits high-titer B cell and CD8+ T cell 
responses early after DLI in association with leukemia regression 
(17). While the exact cellular function of CML66 is unknown, it 
has been implicated in cell survival and proliferation (21). To favor 
the generation of CML66-specific antigen ICs that could still bind 
nucleic acid, we immunoprecipitated CML66 from gently lysed 
K562 cells (a BCR-ABL+ CML cell line) using a CML66-specific 
monoclonal antibody (22). The isolated ICs were then tested for 
TLR activation on TLR9-expressing HEK cells. As shown in Figure 
5A, CML66 could activate TLR9-expressing cells upon exposure 
to CML66 immunoprecipitated from CML cell lysates compared 
with ICs generated by irrelevant isotype controls (anti-actin and 
anti-CD3 antibodies). These CML66-ICs could also stimulate 2- to  
3-fold greater IL-8 expression in human monocytes in a DNase- and 
papain-sensitive fashion than control ICs (Figure 5B). In support of 
these experiments, we detected nucleic acid in the CML66-associated  
ICs isolated from K562 cell lysates (Figure 5C). Altogether, these 
experiments demonstrate that individual leukemia-associated anti-
gens can possess endogenous adjuvant-like activity that stimulates 
innate immunity and may thus initiate and enhance GvL.

Activation of TLR8 and TLR9 occur early in the post-DLI period, pre-
ceding initiation of leukemia-antigen–specific antibody responses. To 
determine whether presence of these endogenous TLR-activating 

Figure 2
Plasma from CML DLI responders (DLI-R,  
n = 5), but not from CML DLI nonresponders 
(DLI-NR, n = 3), nor patients treated with ima-
tinib (IM) (n = 6) stimulate induction of expres-
sion of MIP-1α, IP-10, and IFN-α from normal 
allogeneic PBMCs. Significance was calcu-
lated using the Wilcoxon’s rank sum test. Data 
points represent individual patients.
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stimuli are temporally correlated with DLI-associated adaptive 
immunity and tumor eradication, we tested plasma collected from 
patients at various times following DLI on the TLR-expressing 
cell lines. As shown in Figure 6, plasma from DLI nonresponders  
(4 patients tested), from DLI-treated patients who developed 
GvHD (8 patients tested), or from imatinib-treated patients 
(7 patients tested) across multiple time points did not result in 
greater than 1- to 2-fold increased IL-8 expression compared with 
stimulation with pretreatment plasma on TLR-expressing HEK 
cells than on nontransfected HEK cells.

However, starting as early as 2 weeks after DLI, through at least 
15 to 20 weeks after DLI, we observed evidence of TLR stimulatory 
capacity in plasma of DLI responders (Figure 6; patients A and C 
shown, out of 4 patients tested). For patient C, using plasma col-
lected 4 weeks after DLI, we observed peak stimulation of TLR9 
and -8 at 3- to 10-fold over control, respectively, that was modestly 
increased in the presence of CD32. Following 15–20 weeks, this 
stimulatory capacity waned. For patient A, we similarly observed 
peak responses between 8 to 12 weeks following DLI. In this 
patient, we observed marked enhancement of TLR9 stimulation 
in conjunction with CD32 coexpression, suggesting that antibody 
complexes likely played a contributory role in post-DLI immunity 
in this individual. Of note, this peak in TLR9/CD32 stimulation 
coincided with the induction of detectable antigen-specific anti-
body responses to CML antigens in patient A (previously described 
ref. 16). CD32 is unlikely to enhance TLR8 or TLR9 signaling with-
out the need for ligation, since TLR8 and TLR9 signaling by con-
ventional ligands (CpG, R848) is not enhanced in the presence of 
CD32 (Supplemental Figure 2; supplemental material available 
online with this article; doi:10.1172/JCI44581DS1).

In vivo evidence of TLR activation following DLI in patients with antileu-
kemia responses. Since the previous data demonstrate that patient 
plasma activates TLR pathways ex vivo, we sought to examine the 
activation of these pathways in vivo. Based on the cytokine/chemo-
kine signature following in vitro treatment (Figure 2), we directly 
examined evidence for such a signature in unmanipulated, banked 
PBMC samples collected from the DLI-treated patients. Consis-
tent with our in vitro experiments, we observed an increase in the 
expression of IP-10, TNF-α, IL-8, and MIP1α (but not IFN-α) tran-
scripts in the first 2 months following DLI in 5 of 5 DLI responders 
(Figure 7). This peak in cytokine/chemokine expression preceded 
development of cytogenetic remission and was concurrent with 
development of T cell and antibody responses (previously charac-
terized in refs. 16, 17). The signature was not observed in 2 non-

responding DLI-treated patients. By quantitative expression pro-
filing of innate immune response genes in PBMCs derived from 
patient A, we found a striking elevation in the global inflamma-
tory signature concomitant with a reduction in the viral signature 
at early time points after DLI. As shown in Figure 8, the expression 
of 33 of 86 genes was upregulated following DLI, while 52 genes 
demonstrated consistent downregulation following DLI. Of the 33 
upregulated genes, 12 were classified, with 11 of 12 belonging to 
the inflammatory response (i.e., response to bacterial ligands; refs. 
23, 24). In contrast, 12 of the 15 classifiable and downregulated 
genes belong to the viral signature. Confirming this discovery, we 
performed qRT-PCR) on 3 inflammatory pathway genes (CXCL1, 
CXCL3, IL6) and 3 viral pathway candidates (DDX58, IFNB1, IRF7) 
on PBMCs from 2 independent DLI responders (patients F and G)  
and 1 DLI nonresponder (patient K). As shown in Figure 8B, 
gene expression of CXCL1, CXC3, and IL-6 was generally elevated 
within PBMCs of both DLI responders but not the nonresponder. 
Conversely, gene expression of the 3 viral pathway genes were rela-
tively lower compared with the inflammatory pathway genes in the  
2 DLI responders and markedly higher in expression for 2 of the 3 
genes in the nonresponder.

Discussion
TLRs have emerged as critical receptors for the initiation of produc-
tive immune responses (25). Our current studies now suggest that 
this important pathway also contributes to the generation of pro-
ductive antitumor immune responses in vivo. We present evidence 
that therapy-induced antitumor immune responses are associated 
with the production of endogenous adjuvants, present in plasma of 
reactive patients, in the form of nucleic acid–antibody complexes, 
whose activity can be abrogated by endonucleases and peptidases. 
In support of the contributing role of these endogenous adjuvants 
in stimulating and enhancing GvL, we observed detectable TLR-
activating activity as early as 2 weeks following DLI, preceding the 
development of high-titer antibodies (which we previously dem-
onstrated to start at 2–3 months after DLI (16, 20). Furthermore, 
the cytokine signature associated with TLR activation was detected 
directly in vivo from patients with productive immune responses. 
TLR activation was not detected before DLI, nor in normal donors, 
nonresponders of DLI, DLI-treated patients who developed GvHD, 
nor in pharmacologically treated patients (in which immunity is 
not thought to be the basis of antitumor activity). These studies 
provide what we believe is a novel mechanism by which effective 
antileukemia immunity is initiated and propagated in vivo.

Figure 3
Post-DLI responder plasma stimulates cells that bridge 
innate and adaptive immunity. Results of 4 experiments 
are shown, in which we found that plasma from CML DLI 
responders is immunostimulatory to monocytes, B cells, 
DCs, and NK cells, with minimal effect on mature T cells. 
Purified cell populations derived from normal PBMCs 
were incubated with 20% patient plasma, and cytokine/
chemokine transcript levels when stimulated with post-
DLI compared with pre-DLI plasma were quantified rela-
tive to GAPDH transcripts. Data were log2 transformed 
and visualized the JColorGrid javascript module. Dark 
gray squares represent absent data.



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 4   April 2011 1579

Our results mirror recent findings in murine models that effi-
cacy of DLI-induced antitumor responses are improved with the 
coadministration of TLR ligands (26). In contrast, administration 
of TLR agonists concurrent with conditioning chemoradiation and 
stem cell infusion appears to aggravate graft rejection and GvHD 
(27) and underscore the critical importance of timing of adjuvant 
exposure together with its interaction with other immune-activat-
ing stimuli to determine the direction of clinical outcome (28). By 
comparison to patients with GvL responses, plasma of patients with 
GvHD was not immunostimulatory using our detection assays. 
This could reflect the fact that GvHD reactions predominantly 
occur at local tissue sites. In addition, we observed that GvL plasma 
was immunostimulatory to many immune cell populations, but 
not B cells, while She et al. have described increased responsiveness 
of B cells of patients who developed GvHD to TLR9 (29).

A hallmark of effective immune responses following allotrans-
plant and DLI is the development of polyclonal T and B cells 
reactive against multiple leukemia antigens and alloantigens (2). 
Our analysis of TLR activation in the DLI setting now provides 
us with a model for how this complex antigen-driven process can 

be initiated and amplified. We present evidence that ICs against 
an individual leukemia-associated antigen, CML66, can activate 
TLR9. This finding is of particular interest since we only found 
high CML66-specific T cell responses developing after DLI, when 
antigen-specific antibodies were present, despite the detection of 
marrow-resident CD8+ T cells with specificity for CML66 but with 
poor functional capacity in the patient prior to DLI therapy (at 
relapse). Thus, our studies support the concept that the “immuno-
logic help” provided by DLI includes endogenous adjuvants that 
can stimulate CD8+ T cells to become effective. TLR activation is 
additionally known to be important for B cell activation, suppres-
sion of regulatory T cells, cross-presentation, and enhancement 
of the activities of antigen presenting cells in animal models (3, 
30–40). Pasare et al. showed that generation of productive cellu-
lar immune responses requires colocalization of antigen and TLR 
ligand within the same cellular compartment (36). We thus specu-
late that the development of antigen-specific antibody respons-
es provides a forward activation loop to support and promote 
polyclonal responses through interaction with the FcγR, to simul-
taneously deliver antigen and nucleic acid adjuvant to the same 

Figure 4
Post-DLI plasma stimulates TLRs that respond to nucleic acid. (A) Stimulation of IL-8 expression from monocytes is dependent on presence of 
DNA, RNA, and protein in the plasma. This figure summarizes results of 5 experiments (mean ± SEM). (B) Plasma from CML patients respon-
sive to DLI therapy stimulates IL-8 production from HEK cells that are stably transfected with TLR8 and TLR9 (shaded), but not with TLR3 or 
TLR4. Negative controls were HEK transfectants stimulated with plasma from normal adult volunteers. Positive controls were HEK transfectants 
stimulated with TLR agonists. (C) Post-DLI plasma or ICs derived from post-DLI plasma were tested against control, TLR8-expressing, and TLR8/
CD32-expressing transfectants. Cell lines were also tested against the known TLR8 agonist R848. Data shown represent mean values ± SEM. 
(D) Post-DLI plasma was tested against control, TLR9-expressing, and TLR9/CD32-expressing transfectants. DNase abrogates TLR9 stimulatory 
activity, while purification of IC enhances immunostimulatory activity. Cell lines were also tested against the known TLR9 agonist CpG. Data shown 
represent mean values ± SEM. (E). Plasma nucleic acid from DLI responders and a normal volunteer were extracted using phenol-chloroform and 
visualized by ethidium bromide-staining of a 1.0% agarose gel. ICs from the same subjects were isolated using Protein G beads. IC-associated 
nucleic acid was visualized by GelRed on a 1.0 % agarose gel following heat disassociation from beads (65°C × 5 minutes).
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subcellular compartment — the endosome — where TLR7/8 and 
TLR9 are located. To the extent that these antigens are also highly 
expressed in malignant CML progenitor cells, as we have described 
for CML66 and several DLI-associated antigens, these responses 
can be enhanced in a tumor-specific manner.

From where do these immunostimulatory nucleic acids, present in 
plasma of DLI-treated patients, originate? Over 20 years ago, greater  
levels of nucleic acid were detected in plasma of cancer patients 
compared with normal healthy controls (41–43). More recently, it 
has been appreciated that much of this nucleic acid is derived from 
tumor, rather than normal tissue, through apoptosis and/or tumor 
necrosis (44). We now demonstrate that plasma nucleic acid can be 
immunostimulatory. Different forms of immunogenic death have 
been described (45, 46). Conceivably, different malignancies may 
undergo different modes of death that lead to varied accessibility 
to immunogenic nucleic acid that can “prime” the generation of 
immune responses. Our study has focused on TLR-induced immu-
nity, but increasingly diverse nucleic acid–sensing pathways have 
been identified that could also play roles in vivo in generating anti-
tumor immune responses (47–49). We speculate that in the setting 
of allotransplant, extracellular release of leukemia antigens associ-
ated with immunostimulatory nucleic acid could occur shortly fol-
lowing DLI due to immediate leukemia cell cytolysis arising from 
alloreactivity to initiate a cascade of immune activation. While we 
cannot exclude that this activity is CML specific (the most immune 
responsive of all malignant hematologic diseases), we have observed 
similar elevated immune stimulatory activity in the plasma of 
patients successfully treated with DLI for myeloma (ref. 50 and see 
Supplemental Figure 3). TLR activation has been described to play a 
role in other leukemias, such as chronic lymphocytic leukemia (51), 
so the broader generalizability of the current findings is probable.

Since we do not know which combination of TLRs are activated at 
which times, it is difficult to predict the set of genes affected and their 
kinetics. From published studies, there are differential responses to 
TLR combinations in human cells for both inflammatory (IL-1β, etc.) 

and viral (e.g., IFNB1, IRF7, OAS) genes (52). In addition, negative 
feedback pathways are activated in response to TLR ligation and shut 
off responses to TLRs; which negative feedback pathways are active 
over time in vivo is not known (23). In short, in vivo TLR responses 
over long periods of time are not possible to predict based on short-
term in vitro responses. Nevertheless, our results show that many of 
the TLR-responsive genes are indeed dysregulated in vivo, in support 
of the hypothesis that TLR pathways are activated after DLI.

The mechanistic insights gained from our study of GvL responses  
following DLI can be readily translated into generating more effec-
tive leukemia vaccination strategies. The vast majority of vaccine 
studies that incorporate TLR agonists have focused on single TLR 
adjuvants, while our studies suggest that effective responses com-
monly utilize multiple TLR-activating pathways with minimal 
toxicity. The antitumor effectiveness and low toxicity of employ-
ing multiple TLR agonists for vaccination has been supported 
by recent animal studies (53). Our studies further highlight the 
potential in vivo importance of antigen-specific antibodies in effi-
ciently delivering immunostimulatory nucleic acids to activate 
TLRs. One potential area for future study will be to explore the 
combination of TLR8 and TLR9 agonists coupled together with 
leukemia-associated antigens that are endosomally delivered to 
efficiently stimulate leukemia-specific immunity.

Methods
Patient samples. Heparinized blood was obtained from normal volunteers and 
patients enrolled on IRB-approved protocols at the Dana-Farber Cancer Insti-
tute (DFCI), including clinical trials of DLI for the treatment of relapse after 
allogeneic BM transplant (BMT) following patients’ informed consent (15). 
In these trials, lymphocytes were collected from the original BM donors by 
leukapheresis, and mononuclear cells were isolated by density gradient cen-
trifugation using Ficoll-Hypaque. CD8+ T cells were depleted from the donor 
mononuclear cell fraction through 2 cycles of incubation with anti-CD8 
monoclonal antibody (MoAb; DFCI2T8, IgG antibody) and rabbit comple-
ment. Aliquots of mononuclear cells obtained before and after CD8 deple-

Figure 5
Stimulation of IL-8 expression by CML66-associ-
ated ICs requires both nucleic acid and protein in 
(A) HEK cells, transfected with vector (HEK-neo), 
TLR9, and TLR9/CD32 (mean results ± SEM 
from 3 separate experiments), and in (B) normal 
monocytes (mean results ± SEM from 5 experi-
ments). ICs (black bars) were isolated from K562 
lysates by immunoprecipitation with anti-CML66 
mAbs or isotype control mAbs (anti-actin and anti-
CD3), isolated with Protein G–coated magnetic 
beads. IL-8 expression was measured by qRT-PCR 
of HEK cell–derived or monocyte-derived total RNA 
after a 3-hour incubation with ICs. (C) CML66 IC-
bound DNA/RNA was isolated by phenol-chloroform 
extraction from K562 lysate immunoprecipitated 
with anti-CML66 antibody (compared with con-
trol anti-actin antibody) and Protein G sepharose 
beads. The isolated nucleic acid was visualized on 
1.0% agarose gel with ethidium bromide staining.
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tion were analyzed for reactivity using fluorochrome-conjugated anti-CD4 
and anti-CD8 monoclonal antibodies (Coulter Corp.) by flow cytometry (see 
Supplemental Table 1). PBMCs were isolated from whole-blood specimens 
collected from study subjects by Ficoll-Hypaque density gradient centrifuga-
tion (Sigma-Aldrich), cryopreserved in 10% DMSO, and stored in vapor-phase 
liquid nitrogen until further use. Plasma was isolated following centrifuga-
tion of whole blood and cryopreserved at –80°C until the time of analysis.

Isolation of immune cell populations. From 200–500 million mononuclear 
cells isolated from leukopacks collected from normal adult volunteers, pri-
mary human pDCs (BDCA-4+), human mDCs (BDCA1+), NK cells (CD56+), 
B cells (CD19+), and T cells (CD3+) were purified by positive immunomag-
netic bead selection (Miltenyi Biotec). Monocytes (CD14+) were negatively 
isolated by Rosette-sep (STEMCELL Technologies Inc.). Typical cell number 
yields following isolation ranged from 1 to 3 million cells (for pDCs and 
mDCs) to 20 to 30 million B cells, and 30 to 50 million T cells, NK cells, and 
monocytes. Greater than 85% purity of each of the isolated cell populations 
was confirmed by flow cytometry (see Supplemental Figure 1).

TLR transfectant cell lines and TLR agonists. HEK cells stably expressing TLR3, 
MD-2/TLR4, TLR9, or TLR9/CD32 were used, as previously described (10, 
18). HEK cell lines stably expressing TLR8/HA were purchased from Invi-
voGen. Transient transfection of TLR8 cell lines to coexpress CD32 (CD32-
CFP/pcDNA3; gift of T. Means, Massachusetts General Hospital) was 
performed using Lipofectamine 2000 (Invitrogen), per the manufacturer’s 
recommendations. Reagents used to confirm the TLR specificity of each 
cell line included poly(I:C) (50 μg/ml; Amersham Bioscience) for TLR3; LPS  
(10 ng/ml; Sigma-Aldrich) for TLR4; R848 (0.1 μM; gift from 3M Company 
and Graceway Pharmaceuticals LLC) for TLR8; and CpG oligonucleotide 
(5–10 μM, ODN2006G; InvivoGen) for TLR9.

Detection of de novo and ex vivo cytokine and chemokine production. qRT-PCR 
was used to detect a broad array of cytokines and chemokines, using gene-
specific sense and anti-sense primers, as previously described (10). In exper-

iments using PBMCs or purified cell populations, 0.5 to 1 million cells in 
suspension were stimulated with either TLR agonist or 20% patient plasma 
for 3–6 hours prior to harvesting cells for RNA extraction. In experiments 
using TLR-expressing adherent cell lines, cells were seeded at 1–2 × 105  
cells/well of a 48-well plate, rested in RPMI 1640 overnight, and then 
exposed to either TLR agonists or 20% patient plasma for the indicated 
amount of time. Following stimulation, total RNA was extracted (RNeasy 
Kit; QIAGEN). Exposure to 20% of a single lot of fetal bovine plasma was 
used as a negative control stimulus. For ex vivo cytokine detection, RNA 
was extracted upon immediate thawing of cryopreserved PBMCs using 
Trizol reagent per the manufacturer’s recommendations (Invitrogen).

1 μg of total RNA from each sample served as the template to synthesize 
50 μl of cDNA, using TaqMan Reverse Transcription Reagents (Applied Bio-
systems), with the following reaction conditions: 10 minutes at 25°C, then 
30 minutes at 48°C, and finally 5 minutes at 95°C. Subsequently, cytokine 
and chemokine expression were amplified in a 25 μl qPCR reaction contain-
ing the following: 2 μl cDNA, 12.5 μl 2× SYBR Green Master Mix (Applied 
Biosystems), and 500 nM of gene-specific sense and anti-sense primers on a 
qPCR machine (7500 Fast Real-Time PCR System; Applied Biosystems). The 
amplification conditions were as follows: 2 minutes at 50°C, 10 minutes at 
95°C, followed by 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. 
Emitted fluorescence for each reaction was measured during the anneal-
ing/extension phase, and amplification plots were analyzed using 7500 Fast 
software (Applied Biosystems). Relative quantification of gene expression 
was normalized against the housekeeping gene GAPDH. Data from relative 
induction of cytokine expression by cell subpopulations was visualized as 
heat maps using the JColorGrid JavaScript module (54).

Isolation of ICs and treatment of plasma with nucleases and proteases. ICs were 
isolated from patient plasma using the Melon Gel IgG Spin Purification Kit 
(Pierce) per the manufacturer’s instructions. To test the role of nucleic acids 
in the immunostimulatory activity of test plasma, 20 μl patient plasma or ICs 

Figure 6
TLR8- and TLR9-stimulating activity is observed in CML patients who developed cytogenetic remission following DLI in the absence of systemic 
GvHD, but not in DLI nonresponders, DLI-treated patients who developed GvHD, or imatinib-treated patients. Stimulation was measured by IL-8 
production in TLR-expressing transfectants compared with empty transfectants. Asterisks denote time points during which GvHD was diagnosed.
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were treated with 20 units of DNase (Ambion) or 5 units of RNase (Promega) 
for 30 minutes at room temperature before stimulation of cells. Protease treat-
ments of test plasma included incubation with 20 μl of immobilized papain 
(Pierce) or 20 μl of immobilized pepsin (Pierce) at room temperature, prior to 
stimulation of cells and subsequent RNA extraction (described above).

In some experiments, CML66-containing ICs were used to stimulate cells. 
These complexes were generated from overnight incubation with 2 μg of 
mouse anti-CML66 monoclonal antibody (22F; IgG1, κ; 1 μg/ml) (22) or 

isotype control antibodies (anti-CD3, Coulter; or anti-actin, Sigma-Aldrich) 
with 500 μg of K562 cell lysate (ATCC) at 4°C, with rotation. Lysates were 
generated through 3 rounds of freeze/thaw (55). CML66 antigen/antibody 
complexes were immunomagnetically isolated using Protein G microbeads 
(Miltenyi Biotec), in which 50 μl of PBS-washed microbeads were combined 
with K562 lysate/22F complexes on ice for 60 minutes. ICs were eluted from 
immunomagnetic columns using 2 ml of PBS, and 300–500 μl of eluant was 
used per stimulation. RNA was then extracted as described above.

Figure 7
Gene expression profiling of patient PBMCs during course of treatment. 
In vivo expression of IP-10, TNF-α, IL-8, and MIP-1α in 5 responders 
and 2 nonresponders following DLI. Dashed lines represent the mean 
expression of 9 normals. All quantitative PCR tests were concurrently 
run with GAPDH to control for RNA quality.
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To visualize nucleic acid in blood plasma of study subjects, 20–50 μl of 
plasma was diluted with water to a total volume of 100 μl and mixed with 
an equal volume of phenol-chloroform. The aqueous layer was precipitated 
with 200 μl of 100% ethanol, resuspended in 30 μl of water, and loaded on 
a 1.0% agarose gel that was stained with ethidium bromide. To visualize 
nucleic acid associated with plasma-derived ICs, 20–50 μl plasma of study 
subjects was diluted with PBS to a total volume of 300 μl and incubated with  
30 μl Protein G sepharose beads (Invitrogen) at 4°C for 2 hours. The ICs 
were subsequently heat disassociated from the beads (65°C for 5 minutes) 
after washing the beads 3 times with 0.1% Triton X-100/PBS and directly 
loaded onto 1.0% agarose gels that were stained with GelRed (Biotium). In 
a similar fashion, to detect nucleic acid associated with CML66 ICs, 3 mg 
of K562 freeze-thaw cell lysate was immunoprecipitated with 2 μg of anti-
CML66 antibody (or control α-actin antibody) and 30 μl Protein G sepha-
rose beads for 2 hours at 4°C. The complex was disassociated from beads by 
heating at 65°C for 5 minutes, and DNA in the complex was phenol-chloro-
form extracted, with the aqueous material ethanol precipitated.

Gene expression measurement by NanoString nCounter. Details on the 
NanoString nCounter system have been previously presented in full (56). A 
CodeSet was designed to broadly capture transcriptional changes that occur 
during activation of the innate immune system: 86 genes were selected to 
represent the response of human monocyte–derived DCs to infection with  
E. coli or influenza PR8 (24), and 9 genes were added as controls whose 
expression remains steady during infection. For sample preparation, 100 
ng mRNA was hybridized for 16 hours with the CodeSet and loaded into 
the nCounter prep station followed by imaging and quantification using 
the nCounter Digital Analyzer. nCounter data were first normalized to the 
average value of the NanoString spike-in probes to control for slight differ-
ences in hybridization efficiency. These data were then normalized to the 
average value of our 9 chosen control genes (GAPDH, FAM127A, CIAPIN1, 
MINK1, EIF5A, CEP350, TREX1, TLR4, CUGBP1). Gene expression of a series 
of upregulated or downregulated genes discovered by NanoString (CXCL1, 

CXCL3, IL6, DDX58, IFNB1, and IRF7) was measured in independent patient 
PBMC RNA by qRT-PCR (Taqman Gene Expression Assays; Applied Biosys-
tems) using a 7500 Fast Real-time PCR Cycler (Applied Biosystems). Gene-
specific transcript expression was measured relative to GAPDH.

Statistics. Comparisons of plasma cytokine expression between DLI 
responders and nonresponders or imatinib-treated patients were calculated 
using the Wilcoxon’s rank sum test, with no correction for multiple com-
parisons and with all P values reported as 2 sided. P values less than 0.05 
were considered significant.
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Figure 8
Gene expression profiling of patient PBMCs during course of 
treatment. (A) PBMCs from patient A were collected before 
treatment and at 1, 2, 3, and 8 months following treatment. 
mRNA at each time point was quantified using NanoString. 
The log2 fold changes relative to the pretreatment time point 
were hierarchically clustered and are displayed (red, induced; 
blue, repressed; white, unchanged). From stimulation experi-
ments with purified innate immune ligands (data not shown), 
genes are classified into either the inflammatory/bacterial 
(filled red dots) or anti-viral (open blue circles, italic) response 
programs. Raw data and log2 fold data for the full set of 86 
genes are provided in Supplemental Tables 2 and 3, respec-
tively. (B) From the NanoString discovery set, we selected 
3 inflammatory pathway genes (CXCL1, CXCL3, IL6, in red) 
and 3 viral pathway genes (DDX58, IRF7, IFNB, blue). By 
measuring quantitative gene expression of these 6 genes, we 
observed results consistent with the NanoString findings: that 
2 of 2 independent responders are detected and confirmed 
from mRNA extracted from banked patient PBMCs (2 DLI 
responders and 1 DLI nonresponder) by qRT-PCR.
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