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Alloreactive CD8'T cells may persist in animals made tolerant of transplanted tissues; their function
is controlled through continuous censorship by regulatory CD4* T cells. We sought to establish the
stage at which such censorship operates. We found that monospecific CD8* T cells introduced into
tolerant animals responded to the tolerated tissue antigen as if they had received CD4*T cell “help”’:
they proliferated and accumulated normally. However, they did show compromised graft rejection,
interferon-y production and cell-mediated cytotoxicity. These findings suggest that tolerance
mediated by regulatory T cells acts by censoring immune effector functions rather than by limiting

the induction of T cell responses.

It is now well documented that CD4* regulatory T (Tg) cells can main-
tain transplantation tolerance!-¢ and prevent both autoimmune diseases
and gut immunopathology™®. Tk cells seem to be able to control the
function of both CD4* and CD8 effector cells®®. Under the constraints
of regulation, alloreactive CD8* T cells may still persist in tolerized
animals while being continuously censored by CD4* Ty cellsio,
Based on current in vitro data'?**, one plausible explanation for cen-
sorship would bethat Tk cellsdirectly prevent CD8* T cells from being
activated or dividing. Another is that Tr cells might interfere with
“help” provided by CD4* T cells that would allow CD8* T to expand
and differentiate®. “Help” operates through antigen-presenting cells

Yo) (APCs) and involves the “licensing” of these APCs through an inter-

action between CD40 and CD40 ligand (CD40L )*5*" as well asthe pro-
vision of paracrine cytokines operating between T cells brought into
proximity by the APCs'>8,

To study how CD8* T cells develop in an environment in which tol-
erance is maintained by T cells, we introduced 5-and 6-carboxy-fluo-
rescein succinimidyl ester (CFSE)-labeled, monospecific, T cell recep-
tor (TCR)—marked alloreactive CD8* T cellsinto mice tolerized to skin
grafts mismatched for major histocompatibility complex (MHC) anti-
gens, where the tolerant state depends on the action of Tk cells. When
these marked CD8* T cells were challenged with antigen, we observed
that they proliferated at the same rate as the controls and were able to
acquire help from CD4* T cells, which was reflected as equivalent cell
expansion. Despite any obviousimpairment at this inductive end of the
response, we observed that the progeny of the marked CD8* T cells
were disarmed in terms of the immune effector functions of cytotoxic-
ity, interferon-y (IFN-y) production and graft rejection. These findings
suggest that, in vivo, T cells may be able to censor CD8* T cells with-
out influencing their capacity to proliferate and survive. Based on these
findings, it may be necessary to devise new in vitro assays for Tk cells.

Results

CD8' T cells fail to reject grafts in tolerant hosts

When combined with anti-CD8, nondepleting antibodies to CD4 or
CD154 can induce dominant tolerance to a variety of tissue grafts'.
We found that a combination of al three nondepleting monoclonal
antibodies (mAbs) can even tolerize H-2< CBA/Ca (CBA) miceto fully
MHC-mismatched H-2° C57BL/10 (B10) skin grafts (Web Fig. 1
online). This tolerance was antigen-specific because fresh donor B10
skins were accepted, whereas third party BALB/c grafts were rapidly
rejected. Tolerance is maintained through dominant mechanisms',
which are defined as follows. First, the inability to break tolerance by
the transfusion of naive spleen cells (this resistance is lost if host T
cells are ablated); second, the adoptive transfer of suppression by
CD4* T cells from the tolerized host; and third, tolerized mice show
linked suppression, so that tolerant CD4* T cells are able to suppress
rejection by CD4* or CD8* T cells directed to third party antigens
when they are coexpressed, for example, on an F, graft. Thus, tolerant
CD4* T cellsdirected against B10 antigens presented by MHC class |1
can suppress the rejection of grafts mediated via the direct recognition
of H-2K® by CD8* T cells, and this was the system we used in the fol-
lowing experiments.

We used such tolerized CBA mice bearing two established B10
grafts to investigate the fate of naive monospecific CD8* T cells
introduced into an environment in which host Tk cells actively main-
tain the tolerant state. As a source of naive monospecific CD8* T
cells specific for tolerated transplantation antigen, we used CD8* T
cells derived from the KB5.C20 TCR—transgenic mouse® with TCR
specificity for the MHC class | molecule H-2K". This TCR can be
detected with the idiotypic antibody known as Desire (Des)?. CD4-
depleted splenocytes (1 x 107 Des'CD8* T cells) from these mice
were labeled with CFSE and then adoptively transferred into mice
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Figure |. Graft survival despite CD8* T cell proliferation in tolerized animals. CFSE-labeled Des*CD8* T cells were infused into tolerized and naive (control)
CBA recipients. Some mice were then challenged intravenously with | x 10¢ (CBA x BI10)F, APCs. Peripheral blood lymphocytes were stained and analyzed by flow cytom-
etry 3 and 21 days later. (a) Skin graft survival after T cell infusion. No graft rejection was observed in tolerized mice that were not challenged with (CBA x BI0)F, APCs
(filled squares); MST >100 days; n = 5. Only one graft was rejected in mice challenged with (CBA x BI0)F, APCs (filled triangles); MST >100 days; n = 10. There was no
significant difference between these two groups (P = 0.429) (b) Proliferation profile of Des*CD8* T cells in peripheral blood. Dot plots were gated on live (forward and

side scatter) and CD8* T cells. Ag, antigen.

that had been tolerized to B10 skin 160 days earlier. On the follow-
ing day, 1 x 10° (CBA x B10)F; splenocytes were injected as a source
of APCs. These APCs expressed H-2K" (as well as other B10 anti-
gens) and were not capable of mounting any response against the
host. Only one animal rejected the established grafts after this anti-
gen challenge and none were rejected without it (Fig. 1a). To assess
the proliferation and survival of Des'CD8* T cells in the peripheral
blood, samples of blood were taken from the nonrejecting mice 3 and
21 days after injection of APCs. Because the CFSE intensity of all
proliferating cells merged with background amounts on day 21, the
percentage of dividing cellsin the Des'CD8* T cell population could
be used as an indicator of proliferation status at day 3. We found
there was no difference in terms of proliferation between cells trans-
fused into tolerant or naive mice after antigen challenge (Fig. 1b).

S18) The same results were seen for spleen cells sampled on day 3 (Fig.

2). It seems, therefore, that CD8* T cell proliferation could be acti-
vated in tolerized mice, but CD8* T cells could not reject established
grafts in that environment.

The next series of experiments were designed to establish the cel-
lular basis of this uncoupling of proliferation and rejection. First,
we wondered whether the outcome could be explained by a lack of
CD4* T cell help in tolerant mice. We examined therefore the role
played by CD4* T cell help in the expansion and net accumulation
of CD8* T cells that responded to alloantigen and provided help for
graft rejection.

Optimal CD8*T cell expansion requires CD4*T cell help
We adoptively transferred 1 x 10" CFSE-labeled Des'CD8* T cells
into naive CBA mice or into mice that had been depleted of CD4* T
cells the previous day. The mice were challenged intravenously with
1 x 10° (CBA x B10)F,; splenocytes (APCs) 1 day later. On day 4,
mice were killed and spleen cells collected for flow cytometric
analysis. We found that the extent of Des'CD8*T cell proliferation
was only moderately impaired in CD4* T cell-depleted (helpless)
mice compared to CD4* T cell-sufficient CBA mice challenged in
the same way (Fig. 2a,b). However, the absolute number of
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Des'CD8* T cells that accumulated in the spleens of CD4*
T cell-depleted mice was substantially lower compared to CD4*-suf-
ficient mice challenged with H-2K®, but was similar to CD4-suffi-
cient mice that had not been exposed to antigen (Fig. 2c). Thus CD4*
T cell help is needed to ensure optimal net accumulation of CD8*
T cells responding to antigen.

Pre-activation of dendritic cells via CD40 bypasses the need for
T cell help's?’. Consistent with this idea, the agonist CD40 antibody
FGK .45 substituted for CD4* T cell help and promoted similar expan-
sion of Des'CD8" T cellsin CD4* T cell-depleted mice (Web Fig. 2
online) This suggested that activation of APCs via CD40 may still
occur through the T helper pathway in antigen-challenged tolerized
animals.

CD4" help is not essential, yet enhances rejection

To determine whether the Des'CD8* T cells could reject established
grafts where Tk cells were not active, skin grafts from T cell—-deplet-
ed B10 mice were grafted onto female recombination-activating
gene 1—deficient TCR-transgenic mice bearing a receptor directed to
a male minor transplantation antigen (H-Y) in the context of H-2EX
(A1(M) x RAG-17). Such mice have CD4* T cells with the anti—-H-
Y receptor and no CD8* T cells. Consequently, they cannot reject the
female B10 graft that then becomes established. Because it was

sYe) derived from T cell-depleted mice, the grafted skin did not provide

T cells to colonize these mice. One month after skin grafting, 1 x 107
Des'CD8* containing spleen cells were injected intravenously
together with (CBA x B10)F; APCs to determine whether they were
competent to reject the established grafts in the A1(M) x RAG-17-
mice. One group of mice received no APCs, one received 1 x 10°
mal e (help-evoking) splenocytes and the third group received a sim-
ilar number of female (help-avoiding) splenocytes (APCs). Grafts
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Figure 3. CD4' T cell help enhances graft rejection by monospecific CD8*
T cells. Female Al1(M) x RAG- I~ mice were grafted with T cell-depleted B0 tail
skins. One month later, mice received | x 107 Des*CD8" T cells intravenously. The
next day, mice were immunized intravenously with | x 10¢ mitomycin C—treated
male (filled circles,n = 5, MST = 11.5 days), female (CBA x BI10)F, APCs (filled dia-
monds, n = 5, MST = 23 days) or no (filled triangles,n = 5, MST = 27.5 days) APCs.
Rates of graft rejection were then monitored. Rejection was seen in all groups, but
was significantly delayed in the groups that lacked help, that is in those mice that
were primed with female F; APCs or were given no APCs compared to the mice
that were primed with male help-evoking F; APCs (P = 0.015).

were rejected with a median survival time (MST) of 27.5 daysin the
group without APC challenge and an MST of 23 days in the group
challenged with female APCs (Fig. 3). In contrast, the group primed
with male APCs rejected the grafts far more rapidly, with an MST of
11.5 days. This result suggested that 1 x 10" Des*CD8* spleen cells
can reject B10 grafts without CD4* T cell help, but are much more
efficient if given help from CD4* T cells. One caveat to these exper-
imentsisthat compared to the tolerant hosts, A1(M) x RAG-17-mice
are still relatively lymphopenic and might, therefore, offer a more
permissive environment for Des'CD8* T cells to reject grafts. Thus,
we concluded that the CD8*Des* T cells were competent to reject
established grafts, even without APC interaction. But why would
these CD8*Des' T cells not reject grafts in tolerized mice? One pos-
sibility was that dominant tolerance had censored CD4* T cell help.

Dominant tolerance does not censor T cell help

Naive and tolerant mice were transfused with CFSE-labeled
Des'CD8* T cells together with (CBA x B10)F, APCs. All mice
were killed 3 days after APC challenge. CFSE division profiles of
Des'CD8* T cellsin different compartments (spleen, draining lymph
nodes and contralateral axillary lymph nodes) were compared
between these two groups of mice. No difference in proliferation
was observed between naive and tolerant mice in the different cell
compartments (Fig. 4a). Indeed, the accumulated numbers of
Des'CD8* T cells were similar in naive and tolerant animals (Fig.
4a). By this criterion, and compared to the datain Fig. 2, the CD8*
T cells must have received help from host CD4* T cells, yet they still
failed to reject grafts. Thus, in tolerance maintained through active
regulatory mechanisms, CD8* T cells may still experience help in
order to expand and accumulate, although this may not result in
graft rejection.
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Figure 5. IFN-y production and CTL activity is censored in tolerized hosts. CFSE-labeled Des*CD8*
T cells were infused into tolerized and naive (control) CBA recipients. Some of the mice were then challenged C
intravenously with | x 10¢ (CBA x BI0)F; APCs. Mice were killed at 3 (for IFN-y production) or 7 (for cyto- 1004 ~® Rag-Al + Desire*CD8* + male F|, APCs
toxicity activity) days after APC challenge. (a) To measure intracytoplasmic IFN-y, spleen cells were stimulat- —+—Rag-Al + male F|, APCs
ed with ionomycin and PMA for 6 h; Brefeldin A was added for the last 3 h (see Methods). Cells were then 801 —¥Tolerant + Ag
stained and analyzed by flow cytometry. Dot plots were gated on Des*CD8* T cells and the IFN-y-staining 9
profile; the bar graph shows the percentage of IFN-y-producing Des*CD8" T cells that had undergone divi- E 601
sion. Each group comprised six mice and data were pooled from three independent experiments. (b,c) To = -
measure CTL activity, spleen cells were further stimulated in vitro by (CBA x BI0)F, APC for 5 days and ana- ¥
lyzed by thymidine retention assay with concanavalin A—stimulated CBK splenocytes as target cells. Each group 20 -
consisted of five mice,and data were pooled from three independent experiments.The dashed line represents
0-

the maximal extent of syngeneic killing. (c) As a control, | x 107 Des*CD8* spleen cells were injected into
female A1(M) x RAG-1-- (Rag-Al) mice that were immunized intravenously with | x 10° male (CBA x BIO)F,

APCs. The results of a representative experiment are shown.

Dominant tolerance disarms immune effector functions
To examine why the CD8* T cells could not reject grafts, despite
seemingly normal cell division and accumulation, we measured two
further effector functions of the Des*CD8* T cells: the generation of
IFN-y and cytotoxic T cells (CTLs). The capacity of Des'CD8* T
cells to produce | FN-y was measured in both naive (control) and tol-
erant mice. CFSE-labeled Des'CD8* T cells were transferred into the
mice, which were then challenged with (CBA x B10)F, APCs.
Splenocytes from these mice were collected 3 days later, and intra-
cellular IFN-y was measured after 6 h of polyclonal activation by
ionomycin and phorbol 12-myristate 13-acetate (PMA). Although

s1e) naive mice clearly developed IFN-y staining and dividing cells after

stimulation the percentage of IFN-y* cells in the dividing Des'CD8*
T cells from tolerant mice was no different from background (Fig.
5a). Neither interleukin 4 (IL-4) nor IL-10 were found in these cells,
which ruled out the possibility of deviation from a Tyl to T2
immune response.

We next assessed CTL activity after restimulation of splenocytes
from the experimental groups with equal numbers of mitomycin
C—treated (CBA x B10)F, APCs in vitro for 5 days. As a further con-
trol, female Des'CD8* T cells were adoptively transferred into female
A1(M) x RAG-1* mice and were challenged in the same way with
male (CBA x B10)F, APCs. Des'CD8* T cells failed to generate cyto-
toxic responses when transferred into tolerant hosts but not when trans-
ferred into naive mice or female A1(M) x RAG-17- mice (Fig. 5b,c).
These findings do not rule out the possibility that CTLs were blocked
by host Tk cellsin thein vitro phase of the experiment, but do show that
residence in a tolerant host compromises CTL activity. Thus, although
H-2KP —specific CD8* T cells were able to expand and accumulate in
antigen-primed, previously tolerized hosts, they were unable to devel-
op at least three immune effector functions: graft rejection, IFN-y
expression and the capacity to generate CTLSs.

Together, these findings suggest that, with this form of dominant tol-
erance, regulation does not act on the early inductive events of T cell
expansion but rather on differentiation towards effector functions.
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Discussion

Our study, which was done with a lymphocyte-replete immune sys-
tem, examined whether dominant tolerance mediated by Tr cells
blocked induction of the immune response or whether it prevented
downstream effector function. We found that naive monospecific
CD8* T cells adoptively transferred into tolerant mice could be
induced to proliferate to the same extent as in naive hosts. In addi-
tion, they received help from CD4* T cells, as determined by their
accumulation to the same absolute cell number as nontolerant con-
trols. Instead, dominant tolerance resulted in the disarming of three
crucial effector functions: cytotoxicity, IFN-y production and graft
rejection. These findings reflected what may happen to CD8* T cells
during the maintenance phases of transplantation tolerance and were
different to events that occur during the induction of tolerance
where, despite ample cell proliferation, substantial loss of alloreac-
tive CD8* T cells occurs®?.

Although we cannot rule out the possibility that effector cells might
develop at some later time and then be deleted, this seems unlikely
because the CD8* T cellswere still viable after 21 days. In addition, the
depletion of CD4* Tk cells from tolerant mice can lead to rapid rejec-
tion of grafts by previously primed CD8* T cells, which shows that
alloreactive CD8" T cells may persist™.

We found that help from CD4* T cells enhances the survival, rather
than proliferation, of CD8* T cells; this is supported by published
observations on a transgenic animal model of diabetes. We have
shown here that CD4* T cell help is mandatory for the optimal accu-
mulation of CD8* T cells, although not essential for graft rejection. This
enabled us to examine whether there was any impairment of cellular
proliferation and help in this model of dominant transplant tolerance.

The observation of relatively unaltered expansion and accumulation
of CD8* T cellswithin the tolerant host was unexpected given the com-
mon use of the suppression of proliferation as an assay for T activi-
ty*22. Our findings may indicate that the in vitro proliferation assay
does not adequately reflect the physiological role of Tk cellsin vivo,
serving only as a surrogate indicator of their presence. Alternatively, it
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may be that there is heterogeneity within Tr cells and that the differ-
ent readout systems assess distinct populations®#-** As a consequence
it would be useful to establish in vitro assays that adequately reflect
the impact of Tk cell suppression on the later phase of an immune
response.

The “disarming” or “censorship” we have described here is not
unique to CD8* T cells in dominant tolerance. Similar disarmed
CD8* T cells have been reported in other biological systems. In a
murine model of lymphocytic cytomegalovirus (LCMV) infection in
animals lacking CD4* T cells, CD8* T cells induced in response to
viral challenge could be detected by specific tetramer binding,
lacked effector functions (such as cytotoxicity and IFN-y produc-
tion), but could mediate viral clearance*. Similar disarmed CD8* T
cells could also be found in patients with chronic HIV® and acute
hepatitis C* infection. In addition, in patients with metastatic
melanoma, a population of CD8* T cells detected by tetramer bind-
ing was unable to lyse the melanoma target cells or secrete cytokines
after mitogen stimulation®.

In a previous study of peripheral tolerance, CD8* T cells with anti-
genic specificity for hemagglutinin (HA) were adoptively transferred
into mice expressing HA in pancreatic islet cells. Before eventually
being deleted, these CD8* T cells became activated and proliferated,
but lost the effector functions of cytotoxicity and |FN-y production®. It
has been postulated that these cells are arrested at some immature and
functionally impaired stage during maturation into fully effective CTLs
asaresult of alack of appropriate T cell help®*. Therefore, it is possi-
ble that in an environment of dominant tolerance, the help available
may enable optimal CD8* T cell accumulation, but is insufficient or
inappropriate to enable complete maturation. It should be noted that
censorship of the downstream effector functions of T cells appears not
to be restricted just to CD8* T cells, but can also be demonstrated for
CD4* T cells (unpublished data).

In conclusion, in the context of dominant transplantation tolerance,
naive and monospecific CD8" T cells respond to donor antigen by
expansion and accumulation to an extent that is comparable to naive
nontolerant controls. However, these CD8* T cells are hindered from
developing effector functions such as CTL activity and IFN-y produc-
tion and are unable to induce graft rejection.

Methods

Mice. CBA/Ca (H-2¥), C57BL/10 (H-2°, CBK (CBA/Ca bearing a transgenic H-2K" mol-
ecule)®, KB5.C20 (H-2¢) TCR-transgenic (CBA/Cawith Des'CD8* T cells recognizing H-
2K®)? and A1(M) x RAG-1+ TCR-transgenic mice (with only CD4* T cells, all recogniz-
ing H-Y presented by H-2E* and backcrossed more than ten generations to CBA/Ca)** were
bred and maintained in the SPF facility of the Sir William Dunn School of Pathology
(Oxford, UK). All procedures were done in accordance with the Home Office Animals
(Scientific Procedures) Act of 1986.

Thymectomy and skin grafting. Thymectomy was done as described®. Briefly, alongitu-
dinal incision was made on the anterior surface of the neck, and the thymus was removed
as two intact |obes by the application of negative pressure through a glasstip inserted in the
anterior mediastinum. Skin grafting was done as described®, with some modifications.
Briefly, full-thickness tail skin (1 x 1 cm) was grafted on the lateral flank. Grafts were
observed on aternate days after removal of the bandage at day 8 and considered rejected
when no viable donor skin was present.

Cell depletion and tolerance induction. For depletion of CD4* T cells, intraperitoneal (i.p.)
coinjection of 1 mg of each of thelytic CD4 antibodiesY TA 3.1.2% and Y TS 191.2* was done
5 and 3 days before the mice were used. Tolerance was induced in CBA/Carecipients by giv-
ing three i.p. injections of 1 mg each of the non-depleting mAbs anti-CD4 (YTS 177.9.6)%,
anti-CD8 (Y TS105.18.10)* and anti-CD40L (MR1)* over aperiod of 1 week, starting on the
day of transplantation. All these mAbs, as well as the agonistic anti-CD40 mAb (FGK-45)*
were produced by us by culture in hollow fiber bioreactors, purified from culture supernatants
by 50% ammonium sulfate precipitation and dialyzed against PBS; the purity was checked by
native and SDS gel electrophoresis (PhastGel, Pharmacia, St. Albans, UK).
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Preparation of CFSE-labeled monospecific Des'CD8" T cells. Cells were from the
spleens of CD4* T cell-depleted KB5.C20 mice. A single-cell suspension was obtained by
passing the splenocytes through a 70-pum cell strainer (Becton Dickinson, San Jose, CA) and
the erythrocytes were depleted by water lysis. Des'CD8" T cells represented [25% of total
spleen cells. These cellswere incubated with CFSE (Molecular Probes, Eugene, OR) in pro-
tein-free RPMI for 10 min at 37 °C. Cells were then washed three times with ice-cold RPM|
with 10% fetal calf serum. Cells were counted, diluted in PBS and 1 x 107 cells per mouse
were injected intravenously into the tail vein. On the following day, cell suspensions were
obtained from the spleens of (CBA x B10)F; mice. In one series of experiments, the cells
were treated with mitomycin C (Fig. 3). Cells were then counted, diluted in PBS and 1 x
10° cells per mouse were injected intravenously as a source of APCs.

Flow cytometric analysis. Cells from spleen, lymph node or peripheral blood were stained
with the following mAbs: phycoerythrin (PE)-CD8a (PharMingen, San Diego, CA), 7-
Aminoactinomycin D (7-AAD, Sigma, Gillingham, UK) and biotin-Desire’”. The biotiny-
lated mAbs were detected by allophycocyanin-streptavidin (PharMingen). Four-color
FACSCalibur analysis was done with CellQuest software (both from Becton Dickinson).
Live cells were gated on lymphocytes by forward and side scatter profiles and identified as
7-AAD-. Des'CD8" T cells were identified as CD8* and Desire' cells.

To measure the cellular proliferation of Des” CD8" T cells, the intensity of CFSE fluo-
rescence was analyzed. The average number of divisions was calculated by the equation:
average number of divisions = 10g.,(A/B). Where A represents the mean intensity of the non-
dividing group identified in the mice without antigen stimulation and B represents the mean
intensity of thetest T cell population.

Enumeration of Des'CD8* T cells. A single-cell suspension of spleen cells was counted in
Turks solution, subjected to water lysisto eliminate red blood cells and stained as described
above. The percentage of Des'CD8* T cells was estimated by flow cytometry. The total
number of Des'CD8'T cells in spleen was calculated by measuring the total number of
dividing spleen cells and correcting for the percentage of Des'CD8* T cells.

Intracellular cytokine staining. Staining for intracellular cytokines was done as
described®“. Briefly, spleen cells were stimulated in vitro for 6 h with 50 ng/ml of PMA
and 500 ng/ml of ionomycin at 37 °C; 10 pg/ml of Brefeldin A was added for the last 3 h
(reagents were from Sigma). Thereafter, cells were washed three times and stained with
cychrome-CD8a (PharMingen) and biotin-Desire, followed by allophycocyanin-strepta-
vidin. Cells were permeabilized with 0.5% saponin (Sigma) and stained with PE—anti-IFN-
Yy, PE—anti-IL-4 or PE—anti-IL-10 (all from PharMingen). Four-color FACSCalibur analysis
was done with CellQuest software.

Cytotoxicity assay. Single-cell suspensions from the spleen (1 x 107) were stimulated
with equal number of mitomycin C—treated (CBA x B10)F, splenocytes. Five days later,
allospecific CTL activity was measured by the thymidine retention assay (JAM assay)*®
with concanavalin A—stimulated (2.5 pg/ml, Sigma) CBK splenocytes as target cells.
Each experiment was done with concanavalin A—stimulated CBA splenocytes as syn-
geneic control target cells.

Note: Supplementary information is available on the Nature Immunology website.
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