The humoral immune response after thermal
injury: An experimental model
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Background. Severe thermal injury is associated with major alterations in cell-mediated
immunity. Because most B-cell responses are regulated or critically dependent on T-cell help, it is
nol surprising that many studies have also shown a variety of defects in humoral immunity after
thermal injury. However, the nature of the relationship between the in vitro abilily to produce
antibody and subsequent in vivo responses remains unclear.

Methods. With a murine model of thermal injury, the primary and secondary humoral immune
response to tetanus toxoid (TT) was examined during a 6-week period after sham burn or burn

injury. Serum anti-TT liters and the numbers of
Results. Splenocytes from burned animals display

anti- TT-secreting splenocytes were determined.
ed normal or decreased TT-specific

immunoglobulin (Ig) M plaque formation. In contrast, however, IgG plaque formation was
persistently increased for up to 6 weeks after thermal injury, suggesting a switch from IgM to IgG
antibody production. Conversely serum titers of TT-specific IgG antibody were persistently lower
in burn, compared with sham groups. Changes in serum immunoglobulin levels did not account for
this marked discrepancy between enhanced in vitro IgG plaque formation but impaired in vivo

levels of TT antibody.

Conclusions. The data suggest that thermal inju

ry is associaled with a diminished ability to

propagate and maintain a normal IgG antibody response, despite the presence of normal or
increased numbers of antigen-specific B cells. (SURGERY 19941 15:341-8.)
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DESPITE MAJOR ADVANCES IN the care of thermally in-
jured patients, sepsis remains the most important cause
of death.! 2 The prevalence and severity of infective ep-
isodes in these patients are largely secondary to the se-
rious alterations in host defense mechanisms that follow
thermal injury. A broad spectrum of defects in immune
function has been documented after thermal injury.**
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In particular, major impairment of cell-mediated im-
munity is felt 10 play an important role in this increased
susceptibility to infection.”’

Because most B-cell responses are regulated or crit-
ically dependent on T-cell help. it is not surprising that
many studies have also shown a variety of defects in hu-
moral immunity after thermal injury.® '%-!! The nature
of the relationship between the in vitro ability to produce
antibody and subsequent in vivo responses remains un-
clear. The importance of the humoral immune response
in preventing infection after thermal injury, however, is
highlighted in the work of Baker,'? who demonstrated
a close relationship between impaired humoral immu-
nity and the subsequent development of severe sepsis.

The aim of this study was to examine the ability of
thermally injured animals to initiate, propagate, and
maintain a humoral immune response to a T-cell-
dependent bacterial antigen after both primary and sec-
ondary immunization. In particular, we examined the
long-term relationship between total serum immuno-
globulin (Ig) levels, the in vivo response to tetanus tox-
oid (TT), reflected by the serum concentrations of TT-
specific antibody, and the in vitro response to the same
antigen by quantitation of TT-specific B cells.
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METHODS

Immunization. Male A ] mice. 4 and 7 weeks of
age. were purchased from Jackson Laboratories, Bar
Harbor, Maine. Animals were acclimatized for 1 week
under controlled conditions with mouse [ood and water
ad libitum. The younger mice (now 3 weceks ol age) re-
ceived either a primary immunization of T'T (1 Loel-
fler units (LI U]; Wyeth Laboratories. Inc., Philadel-
phia, Pa.) diluted in 0.3 ml of saline solution, adminis-
tered by intraperitoncal injection. or a control injection
of vehicle only. This group received a similar secondary
immunization at 8 weeks of age immediately before
randomization and thermal injury as outlined later. The
remaining animals received a single primary immuni-
zation of T'T or vehicle at the time of randomization and
burning (that is, 8 weeks of age).

Burn model. At 8 weeks of age. all animals were
randomized into burn and sham groups and anesthe-
tized with pentobarbital (1.25 mg mouse™" in 0.75 ml
saline solution) by intraperitoneal injection. Animals
were shaved over their backs and placed in a specially
constructed mold that exposed 25% of the total body
surface area. The mold. containing an anesthetized an-
imal, was then lowered for a period of 9 seconds into
water at either 22° C for sham burn or 90° C for burn
groups. The latter injury resulted in o histologically
proven [ull-thickness burn. All animals were then dried
and resuscitated with 1 ml of saline solution (intraperi-
toneally). Therealter. animals were killed in groups of
fiveat 0. 1. 2, 3, 4, and 6 wecks after injury. Blood was
sampled by open cardiac puncture, and spleens were
removed for assay as outlined later.

Care of animals and all animal procedures were car-
ried out in accordance with National Institutes of
Health guidelines and with review and approval of the
Standing Committec on Animals, Harvard Medical
Area.

Cell preparation. Individual splenocyte suspensions
were obtained by gently teasing the freshly harvested
spleens apart with sterile forceps and removing the
coarse debris. Splenocytes were suspended in RPMI-
1640 medium with 2 mmol/L l-glutamine, 1% antibi-
otic/antimycotic (penicillin 10,000 units, streptomycin
10,000 g, amphotericin 2.5 ug ml~') and 10 mmol/L
HEPES buffer (all reagents for washing and culwre
were purchased from Grand Island Biological Co.,
Grand Island, N.Y.). Cell suspensions were centiluged
three times in this medium at 1500 rpm for 10 minutes.
After the final wash, cells were suspended in the same
medium containing 5% heat-inactivated fetal bovine se-
rum (56° C, 30 min.). Mononuclear cells were counted
with Turk’s solution, and viability was assessed with the
trypan blue exclusion test. Cell viability was consis-
tently more than 95%. Cells were finally suspended at
a dilution that was found to yield the maximum clarity
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in the subsequent enzyme-linked immunosorbent spot
assay (ELISA spot assav). This was different for the
1eG and TgM assavs as outlined later.

ELISA spot assay. Tissue culture plates (24 round
1.5 em diameter wells ‘plate; Nune, Inc.. Naperville,
I1L) were pretreated with 1 ml of 0.2% (vol /vol) gluta-
raldchyde (Sigma Chemical Co., St. Louis, Mo.) in 0.1
mol L. phosphate-buffered saline solution (pH 7.4)
(PBS). before being coated with antigen. TT antigen
prepared by the State Laboratories of the Massachusetts
Department of Public Health, Boston, Mass. (0.4 ml, 20
LE U ml™!, diluted in 0.9% saline solution) was added
to the wells and incubated overnight at 4° C. Some wells
were coated with the diluent only and acted as a nega-
tive control. Excess antigen was washed (rom wells with
three washes of 0.05% polysorbate 20 (Tween 20; Sigma
Chemical Co.) in PBS (PBS-Tween). Plates were then
blocked with 1% goat serum and bovine serum albumin
in PBS for I hour at 37° C. After being blocked. wells
were washed three times with PBS before the addition
of the splenocytes. It was found that optimal clarity of
subsequent ELISA spot formation was obtained by ad-

justing the concentration of the cell suspensions accord-

ing to immunization group (primary or secondary), IgG
or lgM assav, and duration after immunization. Cell
suspensions were therefore plated at concentrations
ranging from I X 104 to 1 X 10" ml™".

The remainder of the ELISA spot assay was carried
out with the previously described technique of Sedgwick
and Holt."* Cell suspensions were incubated at 37° C
in a 3% Coz-enriched atmosphere for 1.5 hours. After
incubation, the plates were tapped empty and immedi-
ately washed three times with PBS-Tween. Wells were
[urther incubated for | hour at 37° C after the addition
of 0.4 ml of alkaline phosphatase-conjugated antimu-
rine IgG or IgM antibody (30 mg/ml, diluted 1,/1000
and 0.1% bovine serum albumin in PBS; Bochringer
Mannheim GMBH, Mannheim, Germany). After in-
cubation with the enzyme-conjugated antibody, plates
were washed [ree of unbound antibody with PBS-
Tween. An insoluble chromogenic solid-phase substrate
was then added. The substrate used was 5-bromo-4-
chloro-3indolyl phosphate (5-BCIP; Sigma Chemical
Co.) in a 0.5% low-melt agarose solution. The sub-
strate/agarose mix (0.4 ml) was added to each weli and
allowed to gel. A spot of brilliant blue color developed
at each site of putative antibody formation, wherea TT
antibody-producing cell had settled. Plaques were eas-
ily seen with the naked eye and approximately 2 mm in
size. For each mouse and each antibody type (IgG or
[gM), four wells were assayed. Three were coated with
T'T antigen, and the fourth was coated with vehicle only.
ELISA spot plaques were enumerated for the three TT
wells, and the average was taken. Wells coated with di- .
luent only consistently showed no IgG plaque formation
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Fig. 1. T'F-specific plaque formation sham and burn groups, measured by EL1SA spot assay: A, IgM after pri-
mary immunization; B, Ig\l after secondary immunization: C, 1gG after primary immunization; and D, 1gG af-
ter secondary immunization. Values in all figures expressed as mean = SEM. *p <0.05 compared with sham

control.

and fewer than 10% of TT-coated wells for the IgM as-
say.

Tetanus toxoid ELISA assay. Serum samples were
assayed for I1gG and Ig\l TT-specific antibody with a
modification of previously described techniques.'
Bricfly. 96-well ELISA plates (Costar Corp., Cam-
bridge. Mass.) were initially coated with antigen and
blocked as for the ELISA spot assay. Samples were di-
luted 1:100 in PBS-Tween and plated in triplicate (100
ul of substrate solution [p-nitrophenyl phosphate];
Sigma Chemical Co.). The enzyme rcaction yielded a
bright yellow color change. which was read at an opti-
cal density of 405 nm on a microplate reader (UVMAN:
Molecular Devices Corp.. Menlo Park, Calil.). The
concentration of TT antibody in each serum sample was
measured in triplicate. by comparison with the outer
diameter of a standard curve set up on each plate. Hy-
perimmune serum was used for standard curves and
given an arbitrary value of 100 units/ml of TT

antibody. Calculation of the concentration of TT anti-
body for each sample was performed with the SOFT-
max computer program (Molecular Devices Corp.).
Immunoglobulin concentration. Serum IgG and
IgM levels were measured by radial immunodiffusion
(RID) with previously described techniques'® with
commercially available reagents (all antibodies and re-
agents used in the RID assays were purchased from The
Binding Site, Inc., San Diego, Calif.). Briefly, RID
plates were coated with a 1% agarose gel (40° C melt-
ing point) containing 3% polyethylene glycol 6000. An-
timurine IgG or IgM (70 mg,/ml) was added to give a
final antibody concentration of 2 ul/cm? of gel surface
area for the IgG assay and 2.4 pl; em* for IgM estima-
tion. Five-microliter wells were made in the agarose/
antibody gel with a punch. The diluted samples and a
standard curve with use of a calibrator solution with a
known concentration of I1gG or IgM were then added to
the wells. On completion of RID. the diameter of the
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ring of precipitation was measured with a magnilving
evepiece containing a calibrated graticule. Samples were
measured in duplicate, and the mean of the two estima-
tions was obtained. A standard curve was constructed by
plotting the square of the diameter of the precipitation
rings against the known concentration of immunoglob-
ulin obtained from the calibrator solution. The square
of the diameter of the samples was then plotted against
the line constructed from the standards and the concen-
tration of the samples obtained.

Statistics. Statistical analysis was performed with the
Stata statistics program (Computer Resource Center,
Santa Monica Calif.). The Mann-Whitney two-sample
statistic was used to compare groups. and significance
was taken at the 95% confidence level (p = <0.03).

RESULTS

In vitro response. ‘The in vitro response to "I'T as
measured by TT-specific plaques is shown in Fig. 1, «
through . TT-specific IgN plaque lormation was
similar in sham and burn groups alter primary immu-
nization (Fig. 1. ). Although there was also no signil-
icant diffcrence alter secondary immunization, a defi-
nite trend was noted toward increased plague lormation
in the sham-burn group (Fig. 1. #).

[n complete contrast, however. a marked increase oce
curred in both primary and secondary 1gG plaque for-
mation after thermal injury. Fig. I. ¢ and «, represent
TT-specific IgG plaques alter primary and secondary
immunization, where thermal injury is associated with
a threefold increase in plaque formation 2 weeks after
burning. This trend was maintained throughout the
study period, with burn groups consistently showing
enhanced plaque formation compared with the sham-
burned controls.

In vivo response. The in vivo response, howcever, as
measured by serum levels of TT-specific [gM antibody
was markedly deficient in burn groups (Fig. 2, a and b).
This was evident after primary immunization (Fig. 2,
a) where thermal injury was associated with a reduction
in TT-specific antibody throughout the first 4 weeks
after injury. In addition, burned animals showed com-
plete failure of their secondary IgM response compared
with sham-burned controls (Fig. 2, ). Serum IgG TT
antibody was also reduced after both primary and sec-
ondary immunization in the burn groups (Fig. 2, ¢ and
d, respectively). It is interesting to note that the differ-
ence, rather than decreasing with time, in fact became
more marked, especially after secondary immunization
(Fig. 2, c and d). The secondary response to TT in burn
groups showed complete failure of propagation after the
initial peak at 1 week alter injury. Sham-burned
animals, however, displayed normal propagation of
their response, maintaining high antibody titers through
wecek 6 aflter immunization.

Nurgery
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Total immunoglobulin. Total serum levels for 1gG
and IgM were reduced in the burn groups alter primary
and secondary immunization. Serum IgM was maxi-
mally depressed between weeks 2 and 3 after thermal
injury (Fig. 3, « and 6). Therealter, levels recovered so
that IgMl levels were similar for sham and burn groups
from week 4. A similar pattern was seen in serum IgG
levels, where the burn groups also displayed a transient
fall compared with the sham-burned controls (Fig. 3, ¢
and «). Burn injury was associated with, at most. a 30%
reduction in total IgG during the first 3 weeks after in-
jury. As with IgM levels, there was a recovery to con-
trol values by week 4.

DISCUSSION

During the last 10 vears, major advances in burn care,
fluid therapy. and nutrition have dramatically improved
survival after major thermal injury. As a result, sepsis
is now the most important cause of death, accounting for
30% 10 70% of all deaths.! * Najor thermal injury is as-
sociated with significant suppression of the immune re-
sponse. resulting in that increased susceptibility to
infection.”” Although defects in cell-mediated immu-
nity are a characteristic feaure of theemal injury. its ef-
[ects on the humoral immune response are less well de-
fined.

Our results suggest that primary and sccondary in
vitro 1gG responses to TT are persistently enhanced al-
ter thermal injury. Corresponding 1gM responses did
not, however, differ significantly from sham-burned
controls. Simultaneous measurement of antigen-specific
scrum antibody titers showed deficient in vivo IgG re-
sponses, especially alter secondary immunization. These
data suggest that mechanisms [or producing antigen-
specific antibody after thermal injury are intact, al-
though this does not appear to be translated into
increased titers of antigen-specific IgG. Increased ca-
tabolism of immunoglobulin does not fully account for
this dissociation between in vivo and in vitro responses,
suggesting that other factors may be responsible for re-
duced serum levels of specific antibody after thermal in-
jury.

Although many studies have shown a marked defect
in humoral immunity alter surgical'® or mechanical
trauma'”-'* and thermal injury,® '° the heterogenous
nature of these injuries, combined with different study
group characteristics, makes interpretation of data dif-
ficult. Further difficulties arise when one attempts to
correlate results from assays of in vitro function with in
vivo parameters of the humoral immune response. Al-
though several reports suggest that thermal injury is as-
sociated with polyclonal B-cell activation,® '? its cffects
on antigen-specific plaque formation are less clearly
understood. In addition, it is unclear whether in vifro
parameters of immune function accurately reflect the in
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Fig. 2. Serum TT -specific antibody titers, sham and burn groups: A, IgM after primary immunization; B, IgM
after secondary immunization: C, 1gG after primary immunization; and D, IgG after secondary immuniza-

tion.

vivo response as mcasured by serum levels of antigen-
specific antibody. Investigators have used experimental
models to address some of these questions. Many of these
studies are notable for their use of short-lived responses
10 the antigens used'!- 2" (for example, sheep red blood
cells), which do not accurately refiect the true nature of
most clinically important antigens that induce a sus-
tained antibody response. In this study, we simulta-
neously examined the effect of thermal injury on the
primary and secondary in vitro and in vivo humoral
immune response to a long-lived. T-cell-dependent an-
tigen.

Although the in vitro IgM response to TT was sim-
ilar in burn and sham groups after primary immuniza-
tion (Fig. 1, @), a definite trend was noted toward
reduced plaque formation after secondary immuniza-
tion in the burn groups (Fig. 1. b). Thermal injury has
previously heen reported to be associated with a persis-

tent reduction in nonspecific pokeweed mitogen, and
interleukin (IL)-2-driven IgM secretion,”! although
the precise mechanisms are unclear. The kinetics of the
response were similar in both groups, however, where
the maximal response occurred 1 week alter immuniza-
tion and was followed by a rapid decline in plaque for-
mation as B cells switched to 1gG synthesis.

In contrast, in the present study, in vitro IgG
responses were markedly enhanced in the burn groups
alter both primary and secondary immunization (Fig. !,
¢ and o). Once again, differences were most marked af-
ter secondary immunization where the burn groups
showed a threefold increase in plaque formation 3 weeks
after injury (Fig. 1. ). This difference was maintained
throughout the study period where the burned animals
consistently displayed enhanced plaque formation com-
pared with the sham-burned controls. It therefore
appears that burn injury was associated with a switch
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Fig. 3. Serum immunoglobulin levels measured by RID after immunization with TT: A, IgM after primary
immunization; B, IgM after secondary immunization; C, IgG after primary immunization; and D, IgG after sec-

ondary immunization.

from IgM to IgG synthesis. Other investigators have
similarly reported prolonged suppressicn of IgM in re-
lation to IgG secretion in pokeweed mitogen-activated
cultures from burn patients.' 22 This phenomenon has
not, however, previously been reported for antigen-spe-
cific assays of in vitro function after thermal injury. Al-
though it is unclear from these data why such a shift
should occur, recent reports suggest that prostaglandin
Ez (PGE;) may play a pivotal role. PGE; a macroph-
age-derived prostaglandin produced in response to a
variety of stimuli, has recently been shown to trigger the
switch from IgM to IgG synthesis in in vitro assays of
immunoglobulin production.?*2* Mouse splenocytes
stimulated with lipopolysaccharide and PGE; synergize
with IL-4 to stimulate up to a 26-fold increase in IgE
and IgG1 while simultaneously reducing IgM produc-
tion. Using an ELISA spot assay technique, Ohmori et
al.® have found that PGE, increased IgG1 and IgE
production by increasing the number of cells producing

antibody, rather than increasing the rate of antibody
synthesis. It is interesting to note that thermal injury has
long been shown to be associated with a marked increase
in PGE; synthesis?-28 and may therefore be responsi-
ble for this shift from IgM synthesis seen in the burn
groups.

In this study, the in vivo response as measured by se-
rum levels of IgM and IgG TT-specific antibody was
deficient after thermal injury (Fig. 2, a through d). Dif-
ferences between sham and burn groups were most
marked after secondary immunization (Fig. 2, b and d).
The secondary IgG response in particular exhibited
failure of propagation beyond week 1 after burn injury
(Fig. 2, d). These findings are consistent with previous
studies that have reported a failure to propagate and
maintain a normal in vivo IgG response after thermal
injury.!% 16 The failure to propagate and maintain a
normal IgG response after thermal injury has been
shown to correlate well with inadequate IL-2 produc-
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Fig. 4. Secondary IgG responses after thermal injury. Values are expressed as a percent of sham-burned con-

trols.

tion in burn patients'® and once again highlights the
importance of an intact cellular immune response as a
prerequisite for normal antibody production.

A further possible mechanism underlying this persis-
tent reduction in serum levels of antigen-specific anti-
body might be increased protein catabolism, which is
known to [ollow thermal injury, and has been shown to
be responsible for reduced total immunoglobulin levels
in burn patients.'"*? Increased protein catabolism sec-
ondary to protein exudation from the burn wound and
increased intravascular degradation are [elt to be re-
sponsible. We therefore also measured total immuno-
globulin levels in burn and sham groups in an atiempt
to explain why thermal injury was associated with an
enhanced in vitro IgG response but markedly deficient
serum levels of the corresponding antibody. Burned an-
imals showed a transient fall in both IgG and IgM al-
ter injury (Fig. 3, a and b). In this model, however,
thermal injury was associated with, at most, a 30% re-
duction in immunoglobulin levels during weeks 2 and 3
after injury. Thereafter there was a recovery in both to-
tal IgG and IgM such that there was no significant dif-
ference by week 4. These data are consistent with pre-
viously published reports that have shown a similar
transient reduction in total immunoglobulin levels after
thermal injury in both human and experimental mod-
els 11:19.29

The small transient reduction in serum immunoglo-
bulin seen here is unlikely to account, however, for the
marked discrepancy between the in vitroand in vivo IgG

responses after thermal injury. The secondary IgG hu-
moral response after thermal injury is summarized in
Fig. 4, where the data are represented as a percentage
of the sham-burned controls. It is apparent that both
total IgG and TT-specific antibody follow a similar
pattern during the first weeks, that is, both are seen to
fall, suggesting that increased protein catabolism is re-
sponsible at least in part for the reduction of specific
antibody. However, although total IgG was seen to re-
cover to control values by week 4, no such recovery was
seenin TT-specific antibody titers. In addition, through-
out this period TT-specific plaque formation was
increased 200% to 300%. It therefore appears that, al-
though burn injury was associated with much increased
numbers of antigen-specific B cells, this did not trans-
late into increased production of IgG antibody.
Although it is unclear from these data why there ap-
pears to be a long-lived dissociation between the in vitro
and in vivo IgG humoral response after thermal injury,
it suggests that either a reduction in the absolute quan-
tity of antibody produced per cell or a failure of in vivo
activation of B cells may be responsible. Because both
the ELISA spot plaque assay and the Jerne hemolytic
plaque are designed to measure numbers of B cells pro-
ducing antibody, rather than the total quantity of anti-
body produced per cell, it is not possible to speculate on
the possibility that thermal injury may be associated
with a reduction in total quantity of antibody per cell.
Strong evidence exists, however, that many of the steps
necessary for in vivo activation and proliferation of B
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cells may be defective alter thermal injury. The defects,
including impaired phagocytosis.™ * macrophage dys-
(unction.”® *! impaired antigen presentation.’ reduced
T-cell proliferation and IL-2 production,” 1% and the
presence of an immunosuppressive serum [actor,” 3 3
have all been shown to be characteristic leatures of
thermal injury and may act singly or in unison to im-
pair in vivo production of antibody.

This study shows a clear shift from Ig\[ o IgG an-
tibody production, which may be secondary to increased
PGE: production that is characteristic of thermal
injury. Increased numbers of antigen-specific IgG B
cells in burned animals did not, however, translate into
increased serum titers of specific antibady, which were
persistently lower than sham-burned controls. The data
clearly show a profound and long-lasting impairment of
I3G antibady responses to T-cell-dependent antigens in
thermally injured animals and emphasize the danger of
examining in isolation. in vitro parameters of immune
function. which may not accurately reflect the in vive
response to antigenic challenge.
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