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INTRODUCTION

The effects of blood transfusion on the functions of the
immune system have been studied in humans and laboratory
animals for more than 25 years. It is becoming customary to
refer to these effects on the immune system as “immunomodu-
latory,” as they may involve augmentation as well as suppres-
sion of elements of the immune response. Clinically, the results
of these actions have been recognized in prolonged graft sur-
vival in solid organ transplants (30), increased tumor recur-
rence after surgical resection (5, 15), increased postoperative
infection rates (5, 16, 19) and other postoperative complica-
tions (43), decreased recurrence of Crohn’s disease (34), and
increased progression of human immunodeficiency virus type 1
infection in patients who have received allogeneic blood (38).
These effects may be abrogated by the use of syngeneic or
autologous blood or leukodepleted allogeneic blood compo-
nents (22, 24, 45). Most researchers feel that these effects are
mediated by leukocytes (WBCs) present in the blood compo-
nents and are related to the expression of class I and class II
HLA antigens on the WBCs. Contributions by plasma, plate-
lets, or erythrocytes (RBCs) have not been ruled out.

Laboratory studies on the effects of allogeneic transfusion
on specific immunological functions, involving mostly mice but
also some human subjects, have demonstrated decreased in-
terleukin 2 (IL-2) secretion (46), decreased natural killer cell
activity (18), decreased delayed-type hypersensitivity responses
(27), decreased CD4/CD8 ratios (21), and decreased macro-
phage function (44). Acceptance of the concept of transfusion-
induced immunomodulation is far from universal, and much
controversy exists. Some human studies and meta-analyses sug-
gest that the above clinical effects are not due to allogeneic
transfusion. Differences in conclusions about the immuno-
modulatory effect in humans may reflect differences in study
type, transfusion dose, blood component preparation, degree
of correction for confounding variables, and the indications
and thresholds for transfusion. This reviewer believes that a
transfusion-induced immunomodulatory effect exists and will
discuss a number of hypotheses, both new and old, which
attempt to explain our current understanding of the immuno-
logic basis for the effects described.

It is helpful to think of these immunomodulatory effects on
the immune system as either antigen specific or nonspecific.
Clinically, antigen-specific effects include tolerance to graft
HLA antigens, leading to prolonged graft survival. This effect
was first seen in the improved graft survival in kidney trans-
plant recipients who had received multiple transfusions prior
to kidney transplant (30). Both animals and humans can be
shown to become hyporesponsive to specific HLA antigens
when some or all of those antigens are shared by the blood
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donor and graft donor (42). This finding led to the practice of
donor-specific transfusions, that is, transfusing blood from a
graft donor to the recipient prior to organ donation in order to
induce tolerance to the graft. This practice is now done more
rarely, as there is the chance of transfusion sensitizing the
recipient to donor antigens and because strong antirejection
drugs such as cyclosporine and tacrolimus have reduced the
contribution of the “transfusion effect” on graft survival to a
minimal, though still measurable, level (29). Nonspecific ef-
fects are semiarbitrarily defined as those associated with more
global, and less easily discriminated, changes in the immune
response and include decreased macrophage function, de-
creased CD4/CDS ratio, and decreased IL-2 secretion. Clinical
consequences due to these nonspecific effects include in-
creased tumor recurrence and increased postoperative infec-
tion rates. As it is very possible that a common mechanism
leads to both specific and nonspecific immunomodulatory ef-
fects, this discussion will examine first the better-described, anti-
gen-specific effects and then the possibilities that those antigen-
specific effects result in more generalized, nonspecific effects.

ANTIGEN-SPECIFIC IMMUNOMODULATORY EFFECTS

An early theory for the mechanism of antigen-specific sup-
pression proposed clonal deletion of T cells and B cells sensi-
tized to blood or tissue donor antigens by an outside toxic
agent. According to this proposal, T cells and B cells directed
against histocompatibility antigens proliferate in response to
the antigens present on WBCs in the transfused blood. When
the organ transplant is performed, these cells rapidly prolifer-
ate in the presence of the cytotoxic immunosuppressant drugs
given at the time of transplant, leading to destruction of the
expanding clones (41). While this may occur to some extent, it
certainly is not complete, as weak in vitro cytotoxic responses
against donor antigens can be found in recipients of successful
transplants (35, 36). Also, prolonged graft survival can be seen
in previously transfused animals despite the omission of im-
munosuppressive drugs (8). Rather than destruction by cyto-
toxic drugs, another explanation for clonal deletion is activa-
tion-induced apoptosis of the previously activated T cells.
Repeated stimulation of T cells with antigen, in high concen-
trations, leads to increased expression and activation of the Fas
receptor, leading to T-cell apoptosis. This Fas activation is
mediated by IL-2 (1). While it is possible that activation of the
Fas pathway has some bearing on graft tolerance, this pathway
is more likely critical for controlling an active immune re-
sponse. Clonal deletion from Fas activation cannot explain why
small doses of antigen may be tolerogenic, and many research-
ers have found decreases in IL-2 secretion from lymphocytes
posttransfusion.

Another possible mechanism for antigen-specific suppres-
sion is the production of anti-idiotype antibodies (12, 36, 37).
In this case, the transfusion stimulates a primary immune re-
sponse against the allogeneic antigens. The T-cell receptors
(TCRs) and antibodies produced are themselves “new anti-
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gens,” and the host produces an array of antibodies against
these new antigens. After multiple transfusions, a network of
anti-idiotype antibodies may be present and reacting against
multiple determinants of the initial responding TCRs and an-
tibodies. When a graft is performed, these anti-idiotypic anti-
bodies dampen the rejection response by potentially interfer-
ing with the TCRs and the antigen-major histocompatibility
complex (MHC) complex. Although strong proof that such
antibodies are acting to control the immune response is lack-
ing, renal transplant patients with detectable anti-idiotype an-
tibodies have been shown to have greater graft survival (12,
36).

A more promising idea concerns transfusion-inducing lym-
phocyte anergy or unresponsiveness toward graft antigens. In
order for T-helper cells (CD4 ") to activate and undergo clonal
expansion, their TCR must recognize the correct foreign anti-
gen associated with its own HLA class II MHC antigen on an
antigen-presenting cell (APC). This recognition sets a number
of cellular events in motion, including production by the T cell
of adequate IL-2, necessary to sustain T-cell activation and
allow a full immune response with T-cell clonal expansion,
B-cell activation, and the eventual development of functional
memory T cells. In order to generate enough IL-2, this recog-
nition must be accompanied by additional costimulatory sig-
nals, mainly stimulation of CD28 on the T cell by the B7-1/B7-2
molecule on the APC. The specificity of the antigen-MHC
complex with the TCR and the duration of contact between the
APC and the T cell is also thought to determine the T-cell
response, again through the magnitude of IL-2 production by
the T cell. T cells recognizing the antigen-class II MHC com-
plex on the APC but not receiving the costimulatory signal
become partially activated, expressing IL-2 receptor and CD69
but reduced IL-2 production. Without sustained IL-2 stimula-
tion, they enter an anergic state in which they are functionally
unresponsive to further exposure to that antigen, even when
properly presented with the appropriate costimulator (1, 25)
(Fig. 1). Interestingly, the major effect of the antirejection
drugs cyclosporine and tacrolimus is to suppress the produc-
tion of IL-2 by T cells. This may explain the reduced contri-
bution of the “transfusion effect” on organ graft survival since
the advent of these drugs. B7-1 and B7-2 molecules are absent
or present in only very small amounts on resting APCs. In-
creased expression of these costimulators can be induced by a
variety of cytokines (IL-12, IL-1, tumor necrosis factor alpha
[TNF-a]) and bacterial antigens which may be found during an
inflammatory response or by administering the antigen with an
adjuvant.

The route of administration is significant in determining
what sort of response is elicited by T cells to a given antigen.
Antigens administered in the skin are processed by tissue den-
dritic cells which intrinsically express B7 costimulators on their
surface, with presentation in the peripheral lymph nodes usu-
ally resulting in a full immune response by T cells against that
antigen. Antigens introduced intravascularly, such as alloge-
neic blood, or by the oral route in some animal models, may be
presented by splenic and liver macrophages or by blood mono-
cytes or B cells, which do not constitutively express, or which
express only small amounts of, the B7 costimulators on their
surface. These so-called “nonprofessional” APCs may thus in-
duce unresponsive T cells due to inadequate IL-2 production
resulting from the lack of costimulatory interactions (26).

One hypothesis is that leukocytes in the transfused unit can
act as APCs, especially if type I MHC antigens are shared with
the recipient. Leukocytes present in stored blood have been
found to maintain their class II MHC antigens but lose the
ability to costimulate (25, 26). If these nonprofessional APCs
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are exposed to antigen in the presence of adjuvant or inflam-
mation, with subsequent generation of IL-1, IL-12, and TNF-a,
then B7 costimulatory molecules are expressed in higher num-
bers and the T cells are pushed toward a full immune response.
This model has undergone some changes, prompted by more
recent discoveries about the function of the CTLA-4 molecule
found on T cells which, like CD 28, uses B7-1 and B7-2 mol-
ecules on APCs as ligands. This molecule was initially thought
to stimulate the T-cell immune response, acting synergistically
with CD28, but now it appears to have an important role in
inhibiting T-cell responses. This modified model proposes that
if there is no expression of B7 molecules on the APC surface,
then there is no response from the T cell and the T cell is left
functionally naive. CTLA-4 is not found on naive T cells but
quickly is expressed upon activation of the T cells. CTLA-4 is
in competition with CD28 for the B7 ligand, and with low levels
of expression of B7 on the APC, the CTLA-4 molecule wins
that competition due to its higher binding affinity (2). With a
preponderance of CTLA-4 binding, the T cell enters an anergic
state or at least becomes much harder to stimulate to produce
IL-2. Continued antigen presentation in the presence of low
levels of B7 on the APC may induce the generation of anergic
memory T cells (2, 31).

There has also been described induction of anergy in naive
T cells exposed to peptide ligands on the MHC complex which
vary only slightly from the true ligand for that TCR. In this
case, the signal via the TCR is insufficient and, despite the
presence of the correct costimulators, T-cell activation is not
perpetuated and anergy results (1). This may be due to an
inadequate, or curtailed, signal from the TCR after interac-
tion, but with inexact binding, between the antigen-MHC com-
plex and the TCR. Thus far, these altered antigen-MHC com-
plex effects have been studied only with alterations of the
peptide moiety. Interestingly, since the advent of molecular
methods of HLA typing, many serologic HLA phenotypes have
been found to be made up of multiple genotypic variants, many
differing by one amino acid. Since TCR recognition involves
contact with both peptide and class II MHC residues, it seems
possible that minimal differences between MHC molecules
presenting an otherwise recognizable foreign peptide may also
cause this incomplete TCR signalling.

The existence of suppressor T cells is extrapolated from the
fact that tolerance to certain antigens can be transferred to
naive subjects via splenic lymphocytes, a process sometimes
referred to as “infectious tolerance” (1, 10). This effect is
mediated by the production of soluble suppressive factors. The
nature of these factors is not clear, but a number of possibili-
ties have been proposed; these include secreted TCRs which
competitively inhibit TCRs on T cells (7) and generally inhib-
itory cytokines such as IL-10 and transforming growth factor 8
(TGF-B). These effects and factors are poorly characterized
due to difficulties in isolating and cloning these T-suppressor
cells. Some investigators doubt the existence of a pure sup-
pressor cell, though a number of T-cell types do demonstrate
some suppressive activity; for example, Th1 cells suppress the
development of Th2 cells and vice versa. Recently another
T-helper subset has been described in studies on oral tolerance
and has been referred to as Th3. These cells apparently secrete
neither Th1 nor Th2 cytokines but secrete TGF-@ instead (17).
Due to the possibility that several cell types, or several mech-
anisms, which suppress the immune response exist, I will refer
to these cells as “suppressive” T cells rather than as the more
specific “T-suppressor” cells.

Complementing the hypothesis of suppressive T cells is the
concept of “bystander suppression,” also referred to as the
action of “veto cells.” This idea involves active suppression of
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FIG. 1. The normal immune response is outlined in the upper portion of the figure, with the naive T cell receiving the proper antigen-MHC type 11 signal and proper
costimulation, leading to production of an activated T cell producing enough IL-2 to develop and clonally expand toward a Thl or Th2 type under the influence of
IL-12/INF-y or IL-4, respectively. Under conditions of inadequate B7 costimulation or altered peptide ligand-TCR binding, insufficient IL-2 is generated to sustain
T-cell proliferation and either no response, T-cell death, or T-cell anergy is the possible outcome. Inadequate B7 costimulation may also lead to preferential binding

to CTLA-4 over CD28 on the naive T cell, also leading to T-cell anergy.

immune response induction to a polypeptide with multiple
antigenic epitopes after tolerance is induced to only one
epitope. To demonstrate bystander suppression, an isolated
epitope from a polypeptide is given in a tolerogenic fashion.
After tolerance to that epitope is established, attempting im-
munization with a second isolated epitope results in a strong
immune response; however, if the native polypeptide is admin-
istered, the immune response to the second epitope is reduced
or absent (23). Bystander suppression has also been described
when antigens are administered simultaneously. If the subject
is tolerant to one of the antigens, suppression of the immune
response toward the second novel antigen is seen if the two
antigens are given as a single injection (23, 40). The theory of
how bystander suppression is accomplished involves simulta-
neous presentation of the tolerant antigen and the novel anti-
gen and the same APC such that the tolerant T cell and the
naive T cell are in close proximity. The tolerant T cell then
releases factors, potentially inhibitory cytokines such as IL-10
and TGF-B, which regulate the response of the naive T cell
toward an anergic or possibly Th2 cell type. The tolerant T cell

could possibly be a Th2 cell itself, releasing IL-10 and IL-4 into
the microenvironment and thereby biasing the naive T cell
toward a Th2 differentiation (Fig. 2).

NONSPECIFIC IMMUNOMULATORY EFFECTS

The mechanism of nonspecific immunomodulation has cen-
tered on the observed, apparently nonspecific, decrease in NK
cell function, decrease in cytotoxic lymphocyte activity, de-
crease in delayed-type hypersensitivity, and decrease in mac-
rophage function and/or activation. Since WBC reduction does
appear to reduce both specific and nonspecific immunomodu-
latory effects, it is likely that the two phenomena are linked (24,
45). The first two specific mechanisms described, clonal dele-
tion and anti-idiotype antibodies, show no evident connection
to the nonspecific effects since they primarily involve antigen-
MHC-TCR interaction on only those T cells expressing that
individual antigen’s TCR. It is possible that anti-idiotype net-
works might generate cross-reacting antibodies which could
influence other cell interactions, but no evidence for this exists.
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FIG. 2. Actions of “suppressive” T cells. Th2 cells may act as suppressors of the Thl immune response by locally supplying IL-4 during T-cell activation, biasing
naive T cells toward a Th2-type differentiation. “Bystander suppression” may also be present, where specifically suppressive T cells, such as the Th3 cells described in
the gut, may inhibit, through local cytokine actions, activation of naive T cells being presented a novel antigen by the same or adjacent APCs presenting the suppressed

antigen to the “suppressive” T cell.

These mechanisms may still be involved in the total host re-
sponse, but since no clear link to the nonspecific immuno-
modulatory effects can be seen they will not enter into this part
of the discussion.

Induction of Th2 response, clonal anergy, and bystander
suppression are more easily linked to nonspecific immuno-
modulation. Studies in both mice and humans have demon-
strated a reduction in IL-2 production in stimulated lympho-
cytes after transfusion (46). Recently, a preponderance of Th2-
type cytokines (IL-4, IL-5, IL-10) over Thl cytokines (gamma
interferon, IL-2) in posttransfusion stimulated lymphocytes
was found in both mice and humans (3, 13, 22). The Th2
cytokine pattern is associated with decreased cytotoxic cell
functions and inhibition of macrophage activation. This pat-
tern potentially accounts for the increased tumor recurrence,
increased infection rates, more rapid progression of viral dis-
ease, and reduction in inflammatory bowel disease episodes
ascribed to allogeneic transfusion. There are a few possible
reasons behind this Th2 response. Antigen presentation intra-
vascularly or orally tends to stimulate a Th2-type response (1).
This may be because of a disparate response of splenic, gut, or
liver macrophages compared to subcutaneous antigen presen-
tation, which involves skin dendritic cells and usually elicits a
strong Thl response (1, 3, 33). This response may also be
shifted to the Th1 response by the presence of systemic inflam-
mation, or by the use of adjuvants, through the actions of
gamma interferon, IL-1, IL-2, and TNF-q, leading to increased
production of IL-12 and increased surface expression of B7-1
and B7-2 on APCs. Without IL-12 or in the presence of IL-4
and with few costimulator molecules on the APC, the response
could shift to the Th2 type or to T-cell anergy through the
actions of CTLA-4.

Release of TGF-B and prostaglandin E, from macrophages
has been found to be increased after transfusion (4, 13). Both
of these molecules are inhibitory to the cellular immune re-
sponse and are known to inhibit IL-2 production and target cell
response (1). Oral tolerance studies have postulated the exis-

tence of a third T-helper subset, Th3, which is inhibitory to-
ward the response of both Thl and Th2 cells through the
production of high amounts of TGF-B. These cells proliferate
poorly and are produced during tolerance induction with low
levels of orally administered antigen, and their production is
enhanced by IL-4 and positively self-regulated by TGF-B (17).
Thus, a strong Th2 response to a specific antigen may poten-
tially increase production of TGF-B, further reducing the im-
mune response in a nonspecific manner. Whether these Th3
cells or functionally similar cells exist outside of the gut is
uncertain. Prostaglandin E, production by liver macrophages is
enhanced by allogeneic blood introduced into the portal cir-
culation in a mouse model (32, 33). Prostaglandin E, has been
shown to inhibit the Th1 response (4).

The concept of generalized bystander suppression, possibly
mediated by TGF-B, is attractive as a reason for nonspecific
immunomodulation. Transfused antigens invoking an antigen-
specific tolerance would be presented by APCs along with
potential pathogen or tumor antigens. Those tolerized T cells
may then locally inhibit an immune response by T cells specific
for the other antigen. Bystander suppression has been shown
to be regionally localized when antigens are given by inocula-
tion; in effect, both the tolerant antigen and the test antigen
must be injected into tissue which drains to the same lymph
nodes (40). This may be less of a factor in transfused antigens,
as they should be distributed to all tissues regardless of where
the new antigen enters the immune system.

Continued tolerance appears to require continued exposure
to the tolerized antigen (10). In solid organ transplants this is
no problem, but in blood transfusion the effects would be
expected to be transient, with the effect dwindling as the for-
eign antigens are removed through destruction of the donor
WBCs and turnover of the other constituents of the transfused
blood. Continued exposure to WBC antigens has been pro-
posed through the apparent long-term survival of donor lym-
phocytes and macrophages in some recipients, referred to as
microchimerism. Microchimerism has been demonstrated by
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FIG. 3. Possible effects on the host immune system of donor WBCs are presented here, showing both early, antigen-specific immunosuppression and later,
nonspecific suppression by Th2 suppression of the Thl response or “bystander suppression” potentially mediated through the actions of donor APCs persisting as a

result of microchimerism.

nested PCR techniques to look for specific donor sequences.
Circulating foreign mononuclear cells have been found as
many as 29 years later in solid organ transplant recipients (39).
Recently, caution regarding low specificity with nested PCR to
detect microchimerism was expressed after one study detected
frequent false-positive bands by the technique (9). It is possible
that long-term WBC microchimerism is an effect of tolerance
rather than its cause. Despite many advances in the under-
standing of tolerance induction and modulation of the immune
response, the complex orchestration of the immune response
remains enigmatic. The functions and interactions of various
cell types and their cytokines are constantly being redefined,
usually in the direction of increasing complexity. One summary
of possible events after the transfusion of allogeneic APCs is
shown in Fig. 3.

CLINICAL DIRECTIONS

With this information come strategies for abrogating trans-
fusion-induced immunomodulation, to avoid the problem of
unwanted immunosuppression, and for enhancement of the
effect to promote tolerance induction in organ graft recipients.
Avoidance of transfusion-induced immunomodulation is best
accomplished through the avoidance of transfusion or the use
of autologous blood, as these measures also reduce the other
complications of transfusion such as RBC incompatibility or
viral disease. Reduction of WBCs in blood components has
been shown for years to reduce immunosuppressive effects,

and with modern leukocyte depletion filters, the residual WBC
counts are even lower (24). There is no established minimum
WBC load for ablating the immunomodulatory effect (6), and
even modest reductions may be beneficial. Negating this im-
munomodulatory effect has a potentially significant impact on
the public health, as even low estimates of mortality from
increased postoperative infection rates and cancer recurrence
attributable to allogeneic transfusion make the risk of transfu-
sion-induced immunomodulation significantly greater than any
other transfusion risk (11).

Enhancement of tolerance induction and immunomodula-
tion is being examined with a variety of cellular blood products
from the organ donor and the combination and timing of
various immunosuppressive drug regimens combined with do-
nor-specific transfusions. Transfusions of WBCs from the
spouses of women with spontaneous recurrent abortions have
been shown to reduce miscarriages and show a suppression of
cell-mediated immunity in those patients (14). Discrepancy in
HLA class II antigens between mother and fetus have been
thought to mediate improvement of rheumatoid arthritis in
women with the disease (28). The effects of UV-B-irradiated
blood products are presently being investigated, and though
the WBCs present in them appear to be unable to act as APCs,
there have been reports of sensitization to HLA antigens. One
report notes induction of graft tolerance in mice with an in-
crease in the Th2 cytokine pattern with UV-B-irradiated
spleen cells (20). Thus, UV-B-irradiated components may be
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useful for inducing tolerance in graft recipients while reducing
the risk of sensitization.
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